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Solid-Type Journal Bearings in High- 
Speed Freight Service 


By E. S. PEARCE,! R. J. SHOEMAKER,? anp I. E. COX? 


This paper encompasses the operating conditions in- 
volved in the selection of the bearing equipment used in 
high-speed freight service. Consideration is given to the 
performance of the solid-type bearing, as well as the po- 
tentials of future development, and the superior adapta- 
bility of the solid-type bearing to the economics of rail- 
road operation. 


INTRODUCTION 


HE term “high-speed freight’ implies the shortening of 
elapsed time between terminals. This would require higher 
: top speeds and more rapid acceleration. 
The public has been led to picture freight equipment operating 


continuously at sustained speeds of 50, 60, 80, and 100 mph. 


To achieve this result, it would be necessary to have less gross 
tons per train; less resistance per train; or more power per train; 
or a combination of all three. 

In the final analysis, high-speed freight must be obtained 
within the practical limits of cost and over-all economies of rail- 
road operation. If high-speed freight is not to be restricted as to 
interchange, special equipment, and special movements, then 
all freight equipment must be equally adaptable to high-speed 
operation as and when the occasion arises. 

For high-speed freight, bearings are involved in the elements 
of the following: 


(a) Less resistance per train. 
(b) Dependability and safety. 
(c) Economy in first cost, maintenance, and weight. 


There are listed, for freight-train service operation, 1,902,265 
cars under railroad ownership, and 263,747 cars under private- 
line ownership. There are, therefore, in excess of 17,000,000 
journals with companionate bearings in operation today. The 
investment in these journals and bearings, and the operation and 
maintenance of them are the common responsibility of all 
interchanging rolling-stock operators. 

Six railroads have been selected as representing a cross section 
of certain operating conditions upon which an analysis of the over- 
all bearing problem for high-speed freight must be predicated. 
These six roads represent an operating ownership of 25 per cent 
of all freight equipment. Basic data are given in Table 1° for 
the year 1947. 
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TABLE 1 AVERAGE NUMBER OF CARS IN EACH 100 CARS 
OPERATED BY EACH RESPECTIVE ROAD WHICH ARE OF 
OWNERSHIP OTHER THAN ITS OWN2@ 


No. foreign cars 


Road per 100 cars operated 
A Done 
B 68.7 
3; 72.8 
Dd 83.8 
1D) 72.2 
F 69.0 


The basic elements of facility and economy of maintenance, 
repair, and replacement must be recognized as the first require- 
ment of the bearing equipment. 

Gross tons per train in high-speed freight will be made up in 
units of weights given in Table 2.5 It is the rolling resistance 


TABLE 2 AVERAGE GROSS TONS PER LOADED CAR 
— Gross tons per car— 
Road Average Minimum Maximum 
A 58.4 57.0 59.1 
B 55.6 54.9 57.8 
Cc DOE 54.1 56.3 
D 52.8 5252 54.0 
E Sot 52.7 54,2 
FP 69.7 69.0 70.4 


of units of these weights that will determine train resistance. 
It is units of these weights that will determine the required 
bearing-load carrying capacity. It is under such bearing loads 
at the contemplated operating speeds, that bearing resistance in 
pounds per ton, in relation to total resistance, must be deter- 
mined as a relative factor in high-speed freight. 

Table 3° gives the distance that the average car on line, which 
was in movement or subject to movement, traveled per day. It 


TABLE 3 AVERAGE DISTANCE IN MILES PER DAY OF ALL 
CARS IN MOVEMENT OR SUBJECT TO MOVEMENT 


Distance per day, miles 


Road Average. Minimum Maximum 
A 34.5 32.1 ol .2 
B 30.0 26.9 332 
Cc 40.6 37.2 44.0 
D 61.9 56.2 67.6 
E 47.7 42.1 52.3 
k 48.4 39.1 59.6 


is only in movement that the function of the journal bearing 
assumes any relative and significant importance. It is in this 
distance that the functional advantages of the bearing are 
utilized and the investment justified. 

Table 4 reflects the factor of dependability under the operating 
conditions as obtained in 1947. 


TABLE 4 AVERAGE JOURNAL BEARINGS IN SERVICE PER DAY 
ON ALL CARS IN MOVEMENT OR SUBJECT TO MOVEMENT PER 
BEARING FAILURE 


——————Nu mber of bearings for one failure 
Road Yearly avg Minimum Maximum 
A 37432 20288 113480 
B 86648 48464 204984 
Cc 32304 15992 97104 
D 19424 9376 55304 
E 33624 17576 69856 
r 45560 20968 147072 


A minimum average of one failure for 9376 bearings to a maxi- 
mum of one failure for 204,984 bearings is equivalent to one 
failure for 526,931 bearing-miles as a minimum to 6,805,469 
bearing-miles as a maximum. Since this reflects the actual per- 
formance of the solid unit-type bearing under existing operating 
conditions, this measure of dependability is an outstanding factor 


to consider. 
Unit Soitp-TyPe-BEARING TESTS 


To determine the potential possibilities of the unit solid-type 
bearing under the more accelerated rate of operation of high- 
speed freight, it is necessary to turn to the laboratory test plant. 
Such tests are required since there are no road-test data available; 
nor is there ever likely to be, due to the inability to separate 
journal resistance from other elements which go to make up total 
car resistance. Likewise, extended operation under high speeds, 
effect of temperature, and other factors to give controlled condi- 
tions so that journal-bearing operation alone may be evaluated, 
are available only in the laboratory test plant. 

In evaluating laboratory bearing-performance data, it must 
be recognized that laboratory operation is purposely “controlled 
accelerated service experience.” Failure is the objective in order 
that the cause and effect may be determined and improvement 
devised and evaluated. A construction which may operate 
successfully on the railroad may fail under the adverse conditions 
in the test plant. These adverse test-plant factors are as follows: 


1 Laboratory tests are conducted in still air, as against a 
high-velocity flow of air around journal-box contained parts in 
service. 

2 The load on a journal bearing in a laboratory test is a 
maximum ‘‘dead” static load; whereas, in service, the load is 
“alive” and varying. 

3 In a laboratory test there is no benefit of lateral motion 
of the axle in distribution of lubricant between the journal and 
the bearing; whereas, in actual service, the axle is constantly 
moving laterally, enhancing distribution of lubricant. 

4 Speeds can be high and for extended periods of time not 
obtainable in practice. Rates of acceleration and deceleration, 
to and from high speeds, are attained that are not obtainable in 
practice. 


Fig. 1 represents the data obtained with a 5!/-in. X 10-in. 
conventional solid-type journal-box assembly operated under the 
foregoing conditions, augmented by subzero temperatures. 
The total bearing load was 16,375 lb, equivalent to a 70-ton car. 
The bearing, being nonfitted to the journal, had a crown area of 
only 22.5 sqin. The resulting unit loading was 735 psi. With a 
full or fitted bearing area of 45.7 sq in., the unit loading would 
have been reduced to 358 psi. The operation was one of constant 
speed at 50 mph for 66 hr. The run started in an atmosphere of 
+80 F, with temperature reducing, as the run progressed, to a 
minimum of —12F. The operation was equivalent to a continu- 
ous run of 3300 miles. Ambient temperature, journal tempera- 
ture, and journal resistance in pounds per ton are shown in Fig. 1. 

To evaluate these results properly, some comparison should 
be made with total car resistance under like conditions of load, 
speed, and ambient temperature. This is true also for bearing 
resistance only of other types of bearings, such as those of multi- 
ple-unit design, of which type the roller bearing is a sample. 
ILowever, such data apparently have not been developed. 

As some measure of relative comparison, it is interesting to 
note that the distance of 3300 miles is 3 times the distance from 
New York to Chicago. The speed of 50 mph is 10 miles under the 
average speed of the 20th Century Limited. 

Fig. 2 represents data obtained from tests using the same 
journal-box assembly and loading as used in the test covered in 
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Fig. 1, but operating in an atmosphere of —14 F to —10 F at 
speeds of 20, 60, 80, and 100 mph. On the speed-cycle curve are 
reflected acceleration, sustained speeds, deceleration, reversal of 
movement, ambient temperature, journal temperature, and 
resistance in pounds per ton. 


SIGNIFICANCE OF JOURNAL RESISTANCE 


It is in order to explore the potential significance of journal 
resistance in high-speed freight. For this purpose we have such 
basic data as shown in Figs. 1 and 2; and for available drawbar 
pull, motive power of the characteristics shown in Fig. 3.6 It is 
assumed that operation will take place on tangent level track 
with trains made up of 70-ton cars, at speeds of 50 and 80 mph. 

Total car resistance for 70-ton cars at 80 mph is 10.5 Ib per 
ton; at 50 mph, 6.7 lb per ton.’ Journal resistance only at 50 
mph, Fig. 2, is 0.71 lb per ton. From Fig. 3, journal resistance 
after accelerating to 80 mph is 0.96 and 0.86 lb per ton. After 
running at 80 mph, it is 0.69 and 0.73 lb per ton. The average of 
these is 0.81 Ib per ton. Drawbar pull of the S-1 locomotive at, 
50 mph is 36,000 lb and at 80 mph, 22,000 lb. 

With bearing resistance entirely eliminated, the resistance 
of the 70-ton car at 50 mph is 5.99 lb per ton, and at 80 mph, 
9.69 lb per ton on tangent level track. At 50 mph the available 
drawbar pull of the S-1 locomotive is equivalent to 86 cars of 
70 tons each per train, and at 80 mph 32 cars of 70 tons each per 
train, 

Speed has been increased 60 per cent to achieve high-speed 
freight at a sacrifice of 63.5 per cent in the number of cars per 
train for factors other than bearing resistance. 

At 80 mph the bearing resistance for a train of 70-ton cars if 
entirely eliminated is the difference between a train of 30 cars as 
compared to 32 cars. 

In freight service, under the prevailing conditions of railroad 
operation in the last 20 years, with the unit solid-type bearing, 
the average freight car has increased its average daily production 
as shown in Table 5. 

Transportation service by the railroads, as required in this 


6 “Railroad Motive Power,” by P. W. Kiefer, published by Steam 
Locomotive Research Tnatitute, Ine., New York, N. Y., June, 1947, 
chart B, p. 52. 

cf “The Steam Locomotive,” by R. P. Johnson, Simmons-Boardman 
Publishing Corporation, New York, N. Y., 1942, p. 188, table 31, 
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country, makes necessary the highest degree of unrestricted 
movement of equipment over the railroad mileage of the continent 
regardless of territorial extent and ownership of any one railroad. 
Obviously, uniform and universal facility of maintenance is a 
basic necessity; hence there has developed a high degree of 
standardization and interchange of parts. This imposes severe 


TABLE 5 TWENTY-YEAR INCREASE IN DAILY FREIGHT-CAR 


PRODUCTION 
Per cent 
1926 1946 increase 
Averagzeitar nuilesyper day? most «fa eles tase S276 45.2 38.6 
Average freight-car capacity, tonsb.......... 45.1 61.3 13.8 
Average net ton-miles per oar per day”....... 569 948 66.5 


«Year Book of Railroad Information,’’ Eastern Railroad Presidents 
Conference, Co rnitces of Public Relations, 1948, p. 72. 
6 Ibid., p. 


limitations on improvements in design, restricting changes to 
those not incompatible with maintaining standards. 

It is recognized that improvements in design, materials, and 
practice relating to the unit solid-type-journal bearing-box as- 
sembly, can be made within the confines of the foregoing limita- 
tions of standardization. 


Tse JOURNAL Box 


There is general recognition of the necessity for a properly 
sealed and vented journal box to keep dirt, water, and other 
foreign matter out and to retain the lubricant in the journal box. 
Likewise, it is equally evident that lateral, in its ultimate reaction 
on lading and wear on mechanical parts, must be flexibly con- 
trolled and not rigidly opposed. These objectives are obtainable. 


Tur AXLE JOURNAL 


Journals are finished by roller-burnishing, a practice which 
is scarcely conducive to a geometrically perfect surface. It re- 
quires considerable bearing-lining life and many miles of running 
to lap a rolled car journal to a satisfactory bearing surface. 
The permissible tolerances of journals, both diametrically and 
axially, are not only limiting factors in performance, but greatly 
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restrict the latitude in future bearing design and construction. 

To illustrate, the 51/2-in. X 10-in. journal bearing is bored to 
5 %/iin., but it is applied to a journal that will vary from a 
minimum of 5 in. to a maximum of 51/2 in.; and it is expected to 
perform equally well on either. Paradoxically, it does surprisingly 
well. Likewise, the length of the journal may vary as much as 
11/,,in. from maximum to minimum; and, at the same time, the 
bearing can vary in length */s in. due to wear, so that there is a 
total of 1/is in. possible difference in the length of the bearing 
and length of the journal. Coupled with this is the further fact 
that these variations apply to only one journal on one end of the 
axle, whereas there may be a different combination of dimensional 
tolerances on the opposite end of the axle. A renewable journal 
sleeve will overcome these objections. 


BEARINGS 


The loads imposed on car journal bearings are well within the 
safe load limits of lead-base bearing lining. The low elastic 
modulus of bearing babbitt is the only reason that we have been 
able to operate successfully under the constant fluctuation of 
alignment, the widespread diametral tolerance, improper bearing 
and journal surfaces, and the great spread in both the quality 
and quantity of lubrication. It is the high plastic yield of lead- 
base lining which relieves the localized pressure caused by these 
conditions, thereby avoiding seizure and failure. This plastic 
condition of lining performs the important function of absorbing 
and removing abrasive materials from the journal surface. 

Shock loads, caused by improper dimensional conditions of the 
wedge and bearing, are the cause of spread linings. This is in no 
sense a reason for condemning or changing the lining metal, as 
closer tolerances of the collateral journal-box parts will solve 
this problem. It is necessary to continue to use !/,-in-thick 
bearing linings, as this dimension is controlled by the journal 
diametral tolerance. This journal-bearing clearance has made 
necessary the design of the present bearing designated as the 
‘no clearance type.’’ The present journal collar fixes the bearing 
are at approximately 120 deg. 

In considering improvements in design and materials of the 
present unit solid-type bearing per se, the low but widely fluctuat- 
ing incidence of failure, shown in Table 4, presents an economic 
element for consideration. There is the question as to the rela- 
tive improvement in performance that would accrue through 
proper maintenance practices, as compared to impreved design 
and materials, although it is obvious that combination of both is 
the ultimate goal. 

The economic value of relatively simple facilities of repair and 
maintenance of the solid-type bearing and journal-box assembly, 
wheels, and trucks must be recognized in considering improve- 
ments in design and materials. Likewise, changes in design 
and/or materials must be consistent with the economies of the 
present numerous sources of bearing supply with the added ele- 
ment of protection in time of national emergencies when railroad 
transportation is the backbone of defense. 

The solid-type-bearing journal-box assembly, by virtue of its 
extreme simplicity, is victimized by unsubstantiated opinions 
and deprived of the benefits of facts. As an example, the deroga- 
tory misnomer, “friction bearing,” established by advertising is 
now popularly accepted as descriptive of the standard AAR car 
journal bearing. The use of the term “friction type,’’ applying 
to solid bearings, and the term “antifriction” to roller and ball 
bearings is erroneous and misleading, implying that friction is 
created in the operation of the solid type, and no friction in the 
operation of the roller and ball-bearing types. This is far from 
the true fact. Nonperformance in the proper functioning of any 
component parts of the journal-box assembly and truck manifests 
itself ultimately in a bearing failure. This results in promoting 
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the false idea that the bearing is deficient because it fails to over- 
come the detrimental influences introduced by the other com- 
ponent parts of the journal box and truck. 


CoNcLUSION 


In its broadest aspect, the problems of bearing performance 
are not peculiar to the railroad industry alone. A co-ordinated, 
factual, aggressive, persistent, and effective approach to their 
economic solution has been far less evident in the railroad industry 
than in such other fields as aircraft, marine, automotive, and 
Diesel. This fact has been aptly described as an example of 
“What is everybody’s business is nobody’s business.” Quoting 
Dr. Hersey: “The fact should not be overlooked, that in many 
applications where improvement has been reported as the result 
of the substitution of some novel type of bearing, equally good or 
better performance may be obtained from the simple oil-film 
bearing if properly designed and lubricated.” 

The Mechanical Division of the Association of American Rail- 
roads has facilities for the investigation of all elements of bearing 
performance. It now has under consideration an all-inclusive 
research and development program on this subject. Develop- 
ments in design, materials, and practices, which are directed to- 
ward improvement in dependability, economy, and safety of the 
unit solid-type-bearing journal-box assembly, have been sub- 
mitted to the AAR, for investigation and evaluation. 


APPENDIX A 


The potential developments in the conventional solid-type- 
bearing journal-box assembly, without disturbing the standards 
of basic design and preserving the most essential facility of main- 
tenance in unrestricted interchange, are shown by the composite 
illustration, Fig. 4. 

The conventional journal box is cut away in section showing 
the axle journal, packing, bearing, and wedge, on the right or 
rear of the box, the oil-seal dust guard; and, on the left or front of 
the journal box, the water and dustproof lid. The small mirror 
in the front of the box is used to reflect the appearance of the 
end of the axle journal for purposes of illustration. 

The dust guard and lid are to meet the requirement for a prop- 
erly sealed journal box to keep dirt, water, and other foreign 
matter out and retain the lubricant in the journal box. 

The axle journal, as shown, has had the conventional collar 
removed, and shows in place on the journal one form of sleeve. 
The use of the sleeve is to eliminate the use of journals varying 


wef “Theory of Lubrication,’ by Mayo D. Hersey, John Wiley & 
Sons, Inc., New York, N. Y., 1936, p. 13. 
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1/. in, in diam; and, as in the case of the illustration, a 51/:-in. 
X 10-in. journal, maintaining the diameter at 5!/2 in. instead of 
a variation from 5 in. to 51/2 in. occasioned by the necessity for 
turning journals to repair surface conditions. The sleeve is 1/s-in. 
straight-wall tubing fitting over a 5'/.in. journal with a very 
light shrink fit of 0.005 in. at 380 F. This provides a retaining 
force of 60,000 Ib. Maintenance of axle-journal surface is ac- 
complished by the renewal of the sleeve, no machining of the 
axle journal being necessary. To remove a damaged sleeve, 
simply split with a chisel and apply a new sleeve by heating to 
380 F and rapidly slipping on the journal. The journal bearing 
is that described in a previous paper by E. 8. Pearce.? 

The journal-box wedge is the conventional wedge with a down- 
wardly projecting ledge or lug welded to the existing wedge. 
This lug is to replace the function of the axle-journal collar to 
retain the journal bearing in place laterally. This eliminates the 
troublesome limitations introduced by the presence of the con- 
ventional journal collar, that is, service difficulties, as well as 
those pertaining to future bearing design. 

The reflection of the end of the axle shows in the centering 
hole a plastic plug. This plug is made of a temperature-responsive 
material, whose liquid point and softening point are identical. 
The material can be made to respond within 2 deg F to any de- 
sired temperature. When the predetermined temperature is 
reached, the plug liquefies and by centrifugal force is spread over 
the end of the axles marking it a yellow color. The predetermined 
temperature is known as the “potential failure temperature.” 
This temperature is an indication before a journal heating exists 
that attention should be given; and, if given, a road delay due to 
a journal heating will be avoided. The objective is to eliminate 
the personal equation in inspecting and servicing journal boxes 
by indicating positively those that need attention and, conversely, 
by the absence of the indication those that do not need attention. 

Journal-box packing is of conventional material (waste and 
oil), applied, however, in the form of machine-made pads of oil- 
saturated waste. This insures uniform packing of boxes and pre- 
vents displacement of the packing in whole or in part from the 
normal position in contact with the bottom arc of the journal. 


APPENDIX B 
NATIONAL BEARING DivistoN—AMERICAN BRAKE SHOE COMPANY 


The renewable axle sleeve and the compound bore bearing as 
hereinafter described, have been submitted to the Mechanical 
Division of the Association of American Railroads as two of our 
developments in design, material, and practice directed toward 
improvement in dependability, economy, and safety of the unit 
solid-type bearing and its assembly. 

The Renewable Axle Sleeve. A renewable axle sleeve has been 
developed after several years of study and investigation, as illus- 
trated in Figs. 5 and 6. 

It consists of a rigid type of bushing made of high-carbon 
low-alloy steel, heat-treated to 480-520 Bhn, with ground journal 


-and dust-guard-fit surfaces. This sleeve bushing is provided with 


a ground-finished taper bore !/, in. to the foot, and is arranged 
to be locked in place by a nut screwed on the end of the axle. 

Axle preparation for the use of this sleeve consists of turning 
either new or worn axles with a taper to fit the sleeve bore, and 
threading the end of the axle for the axle nut. 

The renewable axle sleeve should be induction-heated or im- 
mersion-heated in oil to 200 F, and assembled on the axle, tight- 
ening the axle nut immediately so the sleeve will have a shrink 


fit in place. 


9 “Locomotive and Car Journal Lubrication,” by E. S. Pearce, 
Trans. ASME, vol. 58, 1936, pp. 37-45. 
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It can be removed readily by use of a hydraulic jack mounted 
in a stirrup with lugs to fit over the renewable axle sleeve collar 
so the jacking pressure can be applied against the end of the axle. 
The axle nut should be unscrewed only a turn or two so it will act 
as an arrester when the shrink fit is broken. A thin coating of 
white lead and oil swabbed on the axle before driving the heated 
sleeve in place will prevent galling of the sleeve on the axle. 

The advantages claimed for the renewable bearing-axle sleeve 
are as follows: 


1 The provision of a hardened and accurately ground journal, 
journal! collar, and journal fillet will eliminate excessive wear and 
enable the use of full-size journals throughout axle life. 

2 The use of the renewable axle sleeve will enable the contin- 
ued use of worn axles that would otherwise have to be scrapped. 

3 Axle life will be limited only by fatigue defects that are 
detected by magnafluxing. 

4 By maintenance of proper journal size, the tendency of 
forming waste grabs will be reduced greatly because of the reduc- 
tion in clearance between the bearing and the journal, adjacent 
to the contact area. 

5 Both starting and running friction will be reduced due to 
improved fit between axle and journal, and by better and harder 
journal surface. 

6 Bearing failures due to spread and distorted lining will be 
reduced since, with full-sized journal, component contained parts 
of the journal box will not be displaced from their intended 
position. This displacement of parts which occurs on undersize 
journal, also causes interruption to lubrication and packing down 
of waste away from the journal, two troubles that will be greatly 
reduced. 
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Compound-Bore Journal Bearing. The compound-bore journal 
bearing has a secondary bore superimposed on the standard or 
primary bore, providing a precision fit 0.004 in. in diam over 
the nominal axle diameter approximately 2 in. wide, parallel to 
and in the center of the standard bore, as shown in Fig. 7. 

The compound-bore bearing provides the equivalent to pre- 
cision hand-scraped fit on a full-size-axle. Where it is applied on 
undersized axles there is much less conformation of bearing re- 
quired in initial operation. Comparative breaks in temperature 
characteristics are shown in Fig. 8. 

The advantages claimed for the compound-bore car journal 
bearing are: 


1 Possibility of waste grabs and lint burns is decreased during 
initial operation, which are invited by larger clearances adjacent 
to contact area between journal and a standard bore bearing. 

2 Due to reduced conformation of bearing lining to journal 
surface, there is a reduction of pulling and cracking of the babbitt 
lining. 

3 Hot boxes are reduced by the reduction of both the severity 
and duration of high-temperature “break-in” period experienced 
initially on all bearings applied. 

4 JLubrication is improved by insurance of a larger initial 
contact area under load, reducing the initial fluid-film pressure 
per unit of area. Frequently, initial fluid-film pressures com- 
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bined with high initial operating temperature, and relatively 
small initial contact areas causes oil film to fail, and in extreme 
eases fluid-film cannot even be established. 


The compound-bore journal bearing is now in use by several 
leading railroads in both freight and passenger service. 

The compound-bore journal bearing has been submitted to the 
AAR, requesting its approval as an alternate standard for inter- 
change use and is on the test program. However, there will be 
no objection to its interchange use pending this approval since in 
no way does it conflict with specifications now in force, under 
which hand scraping of bearing bore is condoned and practiced. 


APPENDIX C 


Macnus Mretat CoRPORATION 


Some of the improvements in designs and materials developed 
and recommended by the Magnus Metal Corporation in connec- 
tion with the service of solid-type bearings and their assemblies 
in high-speed freight service, are herein described. These im- 
proved products have been developed as a result of many years 
research and they have a background of millions of miles of suc- 
cessful service in railroad operation. 

Satco Bearing Metal. Satco bearing metal has been used very 
successfully for many years past as a lining for various types of 
railway bearings in place of lead and tin-base babbitts, antimonial 
lead, etc. This alloy was made an alternate for babbitt metal in 
linings of freight-car bearings by the Association of American 
Railroads.” 

Satco metal is a lead-base alloy composed of approximately 
95-98 per cent lead with balance calcium and other hardeners. 
The composition of the alloy is varied according to the service in 
which the bearings are used. One of the mixtures used by the 
railroads as a general-purpose bearing metal contains approxi- 
mately 97-98 per cent lead, with balance calcium and other 
hardeners. 

Graphs showing the physical properties of Satco metal at 
normal and elevated temperatures, as compared: with AAR 
lead-base babbitt, tin-base babbitt, and antimonial lead are 
shown in Figs. 9 and 10. 

Satco metal has a melting point approximately 150 deg F 
higher than that of babbitt metals with a correspondingly higher 
hardness at elevated temperatures. These are very important 
advantages as they are a measure of the heat resistance to spalling 
and melting of the bearing lining in service. This is particularly 
important in protecting the bearing against the effects of ‘“‘waste 
grabs.” Satco-lined bearings are said to function perfectly at 
temperatures where babbitt-lined bearings fail by melting. 

Satco can be bonded firmly to brass, bronze, steel, and alumi- 
num, the bond strength between lining and brass being 20-40 per 
cent greater than that obtained with babbitt-lined material. 
Consequently, bearings lined with Satco metal are more resistant 
to cracking and loosening of the lining and resist oil penetration 
to a much greater degree than with babbitt-lined bearings. 

Illustrations showing some of the various types of bearings 
lined with Satco metal used by the railroads for passenger cars 
and locomotives are shown in Figs. 11, 12, and 13. 

“Twinplex” Satco-Lined Alarm Journal Bearings. The 
“Twinplex” Satco-lined alarm journal bearing shown in Fig. 11 
is an AAR emergency-type bearing equipped with two brass 
tubes, each having a small orifice sealed with fusible metal which 
melts at 350 F. If the temperature of the bearing reaches that 
point, one of the tubes releases a distinctive and penetrating 
odor and the other a large volume of dense white smoke. The 
discharge continues until both tubes are empty, which requires 


1® Circular DV-905, May 15, 1937. 
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about 8 min. This device has had wide application for several 
years past on main-line high-speed passenger cars and locomo- 
tives of an important Eastern trunk line railroad. Experience 
has shown that the odor can be detected in any car in a passenger 
train, regardless of whether it is a tightly sealed, air-conditioned 
car or not. This odor is noticeable in the train for from 4 to 8 min. 

“Magsafe’ Satco-Lined Journal Bearing. The Magsafe Satco- 
lined journal bearing shown in Fig. 12 is a standard AAR 
type bearing equipped with a special device to prevent lint 
wipers and ‘‘waste grabs.” 

This device consists of two T-section brass comb strips one on 
either side of the crown of the bearing, positioned in longitudinal 
grooves milled in the brass. In running pusition, the comb strips 
drop down of their own weight and contact the journal at all 
times, regardless of whether the journal is new or turned down 
to the limit of wear, thus preventing lint and strands of waste 
from climbing the journal. 

The comb strips are stopped off 1 in. from the hub end of the 
bearing to prevent end leakage of oil and to maintain full bearing 
contact at the hub end of the wheel. 

The comb and slots are T-shaped to prevent combs from falling 
out of the bearing when being applied or removed from the jour- 


Fig. 11 
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nal. The comb strips distribute oil evenly along the journal, and 
they also provide oil storage in the bearing. 

Magsafe Satco-lined journal bearings are being used as 
standard for main-line passenger-car equipment and regularly 
assigned Pullman cars on one of our important transcontinental 
railroads. 

Magnus “R.B.” Spring-Pad Lubricator. A recent Magnus 
development is the R.B. spring-pad journal lubricator shown in 
photograph in Fig. 14. This device is adapted to the standard 
round-bottom AAR type of box and is being used successfully in 
place of conventional packing in locomotive-tender, engine-truck, 
and trailer boxes. 

The R.B. lubricator pad is inserted easily or removed with- 
out being necessary to jack up the box or remove the bearing 
and wedge. It is recommended for use in journal boxes of freight- 
car equipment in high-speed service in place of conventional 
packing, as a means of obtaining more efficient and dependable 
lubrication. 

In addition to the designs and materials described, Magnus 
has also developed improved methods of casting, machining, and 
broaching of the standard AAR babbitt-lined freight-car bearing 
now being used by the railroads. 

One new development is an improved method of casting the 
lining metal. From tests already made, the bond strength be- 
tween lining and brass is increased from 20-40 per cent, as com- 
pared with the standard methods of casting heretofore used. This 
special process is still in the experimental stage, but it is being 
developed on a practical production basis. 


Discussion 


S. J. Neeps.!! The authors’ comments on the use of the terms 
“friction bearing” when speaking of the oil-film type, and “anti- 
friction” when referring to ball and roller bearings, are indeed 
timely. All bearings are fundamentally antifriction, since one of 
their functions is to operate with the least friction possible; but 
taken together, the foregoing terms do seem to imply that some 


11 Service Manager, Kingsbury Machine Works, Ine., Philadel- 
phia, Pa. Mem. ASME. 
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inherent friction miracle is to be found in ball and roller bearings. 
However, it is questionable whether many users of bearings are 
misled by this propaganda. Ball and roller bearings have been 
highly developed. They fill many important needs and have be- 
come vital parts of many mechanical structures. The methods 
by which they are produced form an outstanding part of our 
production achievements. It is unfortunate that they have been 
given a name that they cannot hope to live up to. 

The company with which the writer is associated has been 
building thrust and journal bearings of the oil-film type for many 
years. Regarding load-carrying capacity, we generally think of 
the oil-film bearing as beginning where the ball and roller bear- 
ings leave off. This is seen in the many instances where we have 
replaced overloaded ball and roller bearings with oil-film bearings. 
As far as bearing life is concerned there is no room for comparison. 
A properly designed and lubricated oil-film bearing suffers no 
wear except at the moments of starting and stopping, hence will 
last practically forever. It is generally recognized, however, that 
ball and roller bearings, even though lubricated and cared for 
properly, are limited by an uncertain span of life. 

There are instances where the two types are not in competition 
and fall into well-defined fields. For example it is almost certain 
that a majority of our automobiles would be stalled along the 
roads if sleeve bearings were substituted for roller bearings in the 
wheels without some complicated, and doubtless expensive, oiling 
system to insure their lubrication. The same crippled condition 
of the automobiles probably would also follow from substituting 
ball or roller bearings for oil-film bearings on motor crankshafts. 

Both oil-film and ball and roller bearings have their inherent 
advantages. The latter have the definite advantage of holding a 
shaft in approximately the same relative position whether running 
ornot. A pivoted-pad oil-film journal bearing will accomplish the 
same result, but that is not possible with a complete cylindrical 
bearing which must have running clearance. It may be that ball 
and roller types more properly could be called “‘anticlearance”’ 
bearings rather than antifriction bearings, 

It is noteworthy that much theoretical treatment and many 
test results are to be found in the literature regarding friction in 
oil-film bearings. Similar data on ball and roller bearings are 
very few indeed and these fail to substantiate the term anti- 
friction. In 1945 the writer published a paper,!2 in which an 
attempt was made to analyze friction in railway-car journal 
bearings of the oil-film type. Some tests were run later with 
roller bearings under similar conditions. These studies were 
sponsored by the Association of American Railroads. If the data 
on roller bearings were also published, they might throw some 
light on the relative frictions of the two types, and the quantita- 
tive value of the term antifriction could then be established for 
railway-car roller bearings. 


AUTHORS’ CLOSURE 


To whatever extent or particular the operation of the conven- 
tional solid-type journal-box assembly per se may be factually 
deficient in meeting present-day requirements, it is evident 
that: 


1 Economic improvement does not lie in replacement, or sub- 
stitution of the unit as a whole. 

2 Improvement does lie in the proper evaluation of the na- 
ture, cause, and extent of presumed deficiencies. 

3 With such factual evaluation available, the testing and 
selection of materials, practices, and designs of the elements 
of the journal-box assembly already developed will lead to the 
most dependable and economic operation. 


2 “Tests of Oil-Film Journal Bearings for Railroad Cars,” by 8. J. 
Needs, Trans. ASME, vol. 68, 1946, pp. 337-353. 
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The Development of a Design of Smokeless 
Stove for Bituminous Coal 


By B. A. LANDRY?! ano R. A. SHERMAN,? COLUMBUS, OHIO 


This paper presents an account of an extended sys- 
tematic investigation which resulted in the development 
of a method for burning bituminous coals in nonme- 
chanical hand-fired heaters or stoves with substantially 
smokeless operation. The research was sponsored by 
Bituminous Coal Research, Inc., and a group of stove 
manufacturers. An experimental investigation of the 
three principles of combustion in fuel beds led to the 
adoption of the cross-feed principle. The design of a spe- 
cial grate and the research to prevent puffing, a difficulty 
often encountered with magazine heaters, are described. 
The principles of a calorimeter room in which the output 
of a space heater can be directly measured are presented. 
Data given show the thermal efficiency of a manufacturer’s 
model of the heater, which had an output of 41,000 Btu 
per hr, to be 65 per cent. 


HE United States leads the world in the number and pro- 

portion of residences that are heated from a central plant, 

and a high percentage of these use automatic firing of coal, 
oil, or gas. However, the Census of 1940 showed that 16,- 
000,000, or about 47 per cent of the dwelling units of the country 
were being heated by some type of stove. Some 40 per cent of 
these dwellings use coal as a fuel. Because many dwellings use 
more than one stove, it can be estimated that there are probably 
about 8,000,000 coal-burning stoves in the United States today 
and several hundred thousand are sold each year. Estimates 
have been made that 25 to 30 million tons of coal are used an- 
nually in stoves. 

Because these stoves operate on the simple surface-burning 
principle and because they are usually connected to low chim- 
neys, the charge that stoves are important contributors to the 
smoke problem of cities where bituminous coal is used is probably 
not without some justification. 

As a part of its program to develop improved equipment for the 
utilization of bituminous coal, Bituminous Coal Research, Inc. 
(BCR), the research agency of the bituminous-coal industry, 
initiated at Battelle late in 1940 a research project aimed at the 
development of stoves that would burn bituminous coal without 
the emission of objectionable smoke. In July, 1941, a group 
of manufacturers of stoves joined BCR in support of the pro- 
gram. 

This paper presents an account of the steps that were followed 
in the investigation which has now culminated in the design of 
smokeless stoves which are in commercial production and are 
being sold and used. The design principles developed are ap- 
plicable also to warm-air furnaces and residential boilers, and are 
now in process of being applied to these types of equipment. 


1 Supervisor, Fuels Research, Battelle Memorial Institute. Mem. 
ASME. 

2 Agsistant Director, Battelle Memorial Institute. Mem. ASME. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of Tun 
AMERICAN SocigeTy or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-119. 


GENERAL PRINCIPLES OF CoMBUSTION OF BrrumiNoUS CoaL 


As do all other natural solid fuels, and some processed ones, 
bituminous coals, when heated, release gaseous products com- 
posed of water vapor, hydrocarbons, hydrogen, and sometimes 
carbon monoxide, and carbon dioxide. The weight of these 
products is approximately directly related to the volatile-matter 
content of the coal. Following the process of distillation or 
devolatilization of the coal, there still remains an appreciable por- 
tion of the fixed carbon to burn. Hence, the complete burning 
of bitumious coals involves, usually in two steps, the burning of 
gases and the burning of solids. 

When bituminous coal is burned in pulverized form, the single 
process of mixing air with coal particles is effective in carrying 
out the burning requirements of both gases and solids. However, 
when the coal is burned in fuel beds other than exceptionally thin 
overfeed beds, two distinct processes are needed to burn satis- 
factorily the two fuel forms. One, of course, simply involves 
passing air through the fuel bed to burn the coke; the other, re- 
quires (1) that air be mixed thoroughly with the gases, as they are 
released from the portion of the bed where devolatilization takes 
place, and (2) that temperatures be maintained high enough for 
completion of the combustion reactions. Failure to satisfy these 
two requirements results in the formation of smoke. 

Tf no air is provided for mixing with the gases, and temperatures 
in the furnace are low, smoke consists mainly of a tar fog which is 
condensed hydrocarbons. If air is supplied but mixing is in- 
complete, and furnace temperatures are high enough to cause 
ignition, there will be regions of intense burning wherever oxygen 
is available, and other regions where, because of the absence of 
oxygen, the hydrocarbons simply will be heated by radiation to 
temperatures high enough to cause cracking, with formation of 
carbon or soot which will appear as smoke. Actually, both tar 
and soot may be emitted simultaneously with the gases from dif- 
ferent parts of the furnace. 

In mechanically fired industrial furnaces with good control of 
the air/fuel ratio, streams of gases rich in hydrocarbons may arise 
from certain portions of the fuel bed while other streams of gases, 
in which excess air is present, may arise from other portions. 
The mixing of these two streams may take place rapidly enough 
to avoid smoke formation if mixing arches are provided or if a 
large furnace volume gives time for mixing by diffusion. With 
smaller furnace volumes or higher rates of operation, which de- 
crease time available for diffusion, smoke is of common occurrence 
unless overfire jets are used to establish turbulence where strati- 
fication otherwise would prevail. Even overfire jets, however, 
may not be completely effective if furnace volumes are too small 
or control of the air/fuel ratio is lost as a result of large inter- 
mittent firings. 

Smoke emission from hand-fired heating equipment results 
from causes similar to those described, with considerable exag- 
geration of some of them, particularly in regard to the relatively 
large intermittent firings that are made, as is necessitated by the 
impracticality of frequent attention, and in regard to the low 
furnace temperatures usually maintained, which are unfavorable 
for ignition of the mixture but which are required to prevent 
overheating. The palliative of overfire-airjets is not available 
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for this type of equipment because furnace conditions would ren- 
der them ineffective. Elimination of smoke from hand-fired 
heating equipment must depend primarily, therefore, on the selec- 
tion and application of such combustion principles that will be 
effective purely as a result of design arrangements. The diffi- 
culties associated with following such a course have long been 
considered as affording little chance of success. 


SraGes oF INVESTIGATION 
The stages followed in the investigation were as follows: 


1 A test survey of all those commercially available heaters, 
for which differences could be recognized in the principles used 
for combustion, in order not to overlook any promising feature of 
design. This period was also of value in the development of 
methods of test, including the use of a light-sensitive smoke 
meter, to insure reproducibility of results and the drawing of 
assured conclusions. 

2 The selection of the cross-feed principle of burning, so dis- 
posed that the fuel moved downward from a magazine toward a 
horizontal grate above which cross-feed air and gases moved hori- 
zontally across the bed, and the addition of an arch of special 
construction to provide for the intimate mixing of secondary air 
with the gases escaping from the bed for complete combustion. 

3 The introduction of air above the fuel fired in the magazine 
in order to alter the caking properties of the fuel and convert 
strongly caking coals to a free-burning form for gravity feeding 
to the “hearth” or cross-feed burning portion of the bed. 

4 The development of special grates to insure horizontal flow 
of air above them, without danger of short-circuiting through the 
ashpit, and to provide a dumping arrangement to dispose of 
larger pieces of ash, especially Jaminated material. 

5 The translation from the laboratory type of construction to 
a commercial design. 

6 The development of a calorimeter room to measure directly 
the output of heaters and to make possible the evaluation of the 
various heat losses including the saving in fuel from smoke elimi- 
nation. 


RESULTS OF Test SURVEY 


Method of Test. The method of test used in making the sur- 
vey, which remained essentially unchanged during the course of 
the investigation, consisted in placing the heater or stove on scales 
to observe the rate of weight loss during the burning, and pro- 
viding flexible connections to the points where drafts were meas- 
ured, temperatures taken by means of thermocouples, and gas 
samples obtained by means of water-cooled samplers. Imposed 
conditions to evaluate performance and to permit duplication of 
tests, to insure reproducibility of results, were either (1) to main- 
tain constant flue-gas temperature, at some preassigned value, or 
(2) to maintain constant applied draft, again at some preassigned 
value. The first type of operation is valuable to show the fre- 
quency and type of attention required to maintain approximately 
constant output; the second type of operation serves to relate 
burning rate and output to applied draft to ascertain whether 
the burning process is under control. Both types of test were 
usually required for complete evaluation of the heaters. 

Heaters Tested. Figs. 1 to 6, inclusive, show in diagrammatic 
form the burning principles of heaters on which tests were con- 
ducted during the survey stage preceding the development of the 
smokeless stove. In these diagrams the diagonally hatched 
areas represent solid fuel, whether freshly fired or at various de- 
grees of devolatilization, except for Fig. 5 where the rectangular 
hatching represents freshly fired coal. Comments which follow 
refer to the performance of these heaters when burning bituminous 
coal. 
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Fig. 1 represents the conventional “surface-fired” heater with 
primary air admitted through the grates, and secondary air ad- 
mitted either through the firing-door slots or through a “down- 
blast” pipe. This type of heater produces abundant smoke, 
because of poor mixing with secondary air, or low temperatures 
during devolatilization, or both; the period between attentions 
is short, but the average CO; is acceptable and draft requirements 
are well within the capacity of a small chimney. 
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Fig. 2 represents a version of the so-called magazine-type 


heater having a deep fire pot, primary air passing through the: 


grates and gases leaving the fuel bed at various heights through 
side channels or ducts, or at the top of the bed, the type of flow 
depending on the extent of caking in the fuel bed. The devola- 
tilization of the charge is more rapid in this type of heater so that 
the smoking period, because of poor mixing with secondary air at 
low temperatures, is more intense although of relatively shorter 
duration than in the conventional heater, in view of the larger 
firing possible. The period between attentions is long, the 
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average CQO, is acceptable, but the draft requirements are so low 
that the rate of burning may easily become excessive and control 
of heat output may be lost. 

Fig. 3 represents a downdraft heater with part of the air 
supply passing through a rear slot to burn the gases at the outlet 
which is small in comparison with the size of heater. Because 
high temperatures are not maintained at the throat, owing to 
excessive air flow in comparison to the flow through the bed, 
smoke from this heater is abundant, rates of burning are low, and 
draft requirements high unless frequent poking is done to break 
the cake and prevent short-circuiting of primary air to the 
slot. 
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Fig. 4 represents a dual-side heater in which devolatilization 
takes place, because of lateral heating, in the fuel magazine; the 
volatile gases escape at the top and are allowed to mix with 
primary air which serves also as secondary air when passing 
through the edges of the bed. Because of poor mixing, abundant 
smoke is produced, rates of burning are low, with low CO:, unless 
frequent poking replenishes the fuel supply at the two sides, 
which also tend to burn at uneven rates. 


Fig. 5 represents a divided heater with a half-circular lid which 
is pivoted on the partition. As the fuel in one half burns, the 
fuel in the other half devolatilizes by heat transfer, the gaseous 
products leaving through a hole in the partition to pass into the 
burning side; after refiring, the lid is rotated over the freshly 
fired side. Nearly smokeless operation can be obtained, with 
acceptable average CO, and low-draft requirements, if the heater 
is as small as a 14-in-diam cylinder. With a further increase in 
diameter, heat transfer is not high enough to devolatilize all of the 
fresh fuel during the burning of the residual fuel, and with in- 
crease in diameter of heater, progressively more abundant smoke 
is produced after rotation of the lid. 

. Fig. 6 represents a type of cross-feed unit in which air is ad- 
mitted at two levels, at the side (1) at the lower level, to burn the 
residual coke, and (2) at the upper level, to act as secondary air 
for mixing with the gases leaving the bed. Air is admitted also at 
the top of the magazine to alter the caking properties of the fuel 
in the magazine. Because of the unequal flow of the lower air, 
owing to its tendency to make a short curvature bend immediately 
after entering the heater, and thus escape contact with the fuel, 
the rate of burning can be maintained only by frequent poking to 
fill cavities formed, and smoke is produced in objectionable 
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quantity because of poor mixing of the secondary air with the 
gases for the same reason. With frequent poking, average CO2 
is acceptable and the draft required is low. 

Discussion of Results of Survey. Consideration of the results 
obtained during the survey led to a number of conclusions. One 
of these was that if the products of combustion, as they emerge 
from the fuel bed, contain smoke-forming constituents, the 
casual introduction of secondary air into the combustion space 
will not eliminate smoke. This results from the stratification of 
the gas and air streams, owing to their low velocities, at all rates 
of operation, in addition to the impossibility of attainment of 
temperatures high enough for ignition at the lower rates. Hence, 


a positive means of insuring mixing of gases with air in a region of. 


high temperature, at all rates of burning, was indicated as a req- 
uisite for smoke elimination. This conclusion made it appear 
that a bed fired from above with air admitted through the grates 
was not a promising principle for the smokeless heater. 

Another conclusion was that burning by means of admission of 
air at the top of the charge, as attempted in the heater shown in 
Fig. 3, could not be depended upon to prevent caking of bitumi- 
nous coals rapidly enough to maintain air flow at the higher burn- 
ing rates, and hence offered little promise. 

By elimination, therefore, only the cross-feed principle re- 
mained as one upon which further investigation appeared to be 
warranted. None of the heaters tested in the survey could be 
considered as embodying true cross-feed burning; however, to the 
extent that the heater shown in Fig. 6 represented an attempt at 
cross-feed burning, to the same extent it could be concluded that 
this type of burning was not one which would give smokeless 
burning purely by virtue of the relative directions of flow of air 
and fuel. 


Basis FOR SELECTION OF Cross-FEED PRINCIPLE 
FOR SMOKELESS HEATER 


Although the cross-feed bed is used to advantage in so-called 
“underfeed-stoker” beds, yet, for this type of application, 
mechanical action is required to move the fuel from the retorts 
laterally across the tuyéres. Thus, if cross-feed burning were to be 
used in heaters, in the absence of mechanical means of feeding, the 
motion of the fuel relative to the air stream could only be so 
directed as to result in a downward flow under the action of 
gravity, the air movement being at right angles, or in a horizontal 
direction. This arrangement provided for the following distinct 
advantages: 


1 Horizontal flow of the gaseous products of combustion 
across the bed would require the use of a vertical arch descending 
to a level adjacent to the grate to confine the bed while permitting 
the outflow of gases under the edge of the structure. Admission 
of secondary air in this region was indicated because the gases 
would be at their maximum temperature at all times to favor sus- 
tained ignition. 

2 Generation of heat over the entire volume of hearth subject 
to cross-feed burning would favor transfer of heat through the 
upper boundary of the hearth for devolatilization of the fresh 
fuel fired in the magazine space above, and thus insure eventual 
minimum release of hydrocarbons during the cross-feed burning. 

3 Constancy in the thickness of bed between the arch and the 
opposite wall would favor sustained combustion efficiency during 
the burning cycle. 


In carrying out the development of a smokeless stove using the 
cross-feed principle of burning, there were two main stages, 
namely (1) stoves that required poking to bring the caked fuel 
down from the magazine into the hearth, and (2) stoves for which 
the necessity to poke was eliminated by providing oxidizing con- 
ditions during devolatilization to prevent caking, 
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Frrast Srace IN DEVELOPMENT OF SMOKELESS STOVE 


Fig. 7 is a diagrammatic view of the heater that was built to 
test in a preliminary way whether the advantages described would 
accrue from cross-feed burning. All of the primary air was ad- 
mitted through louvers set in a wall opening opposite to the arch. 
Secondary air was admitted at the bottom of the passage under 
the arch through similar louvers, and a combustion chamber was 
provided on the other side of the arch to give time for the com- 
pletion of the reactions. Results showed that, as compared with 
smoke emission from conventional heaters, much improvement 
had been obtained; however, observation showed that the 
stream of products of combustion, usually containing combustible 
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Fig. 7 PRELIMINARY Cross-FEED HEATER 


gases, passed closely under the bottom of the arch as they left the 
fuel bed and did not mix well with the stream of secondary air 
coming from below, and that the stratification thus set up did not 
disappear in the combustion chamber. 

Fig. 8 shows the next design in which provision was made for 
the admission of secondary air through a flattened metal pipe, 
approximately 3 in. wide, set above a 7-in. refractory-lined duct 
serving as gas outlet. A 1-in. pipe’vent was also provided to re- 
lieve the gas pressure that otherwise would build up at the top of 
the magazine owing to the formation of a hard and impervious 
layer of coke at the lower boundary of the fresh charge. The vent 
was so disposed as to make the gases mix with primary air before 
passage through the fuel bed. 

Results were immediately so promising from the point of view 
of smoke elimination that there was no doubt that the proper 
method of introduction of secondary air had been provided to give 
complete mixing of air and gases as both streams moved along the 
bottom of the arch, that is, the top of the gas outlet or throat. 
The heat-exchanger section, attached to the outlet, no longer 
served as combustion chamber, but solely to dissipate heat. In 
the form sketched in Fig. 8, the heater could be placed in one 
room, adjacently to a wall, and the heat exchanger placed in the. 
adjoining room, the connection outlet passing through a hole in 
the wall. Operation of the heater disclosed, however, that the 
rate of burning was definitely limited to low values under the 
maximum allowable draft; it was reasoned that the restricted 
outlet limited the flow of air to a small cross section of the bed in 
addition to offering rather high resistance to the flow of gases. 

Fig. 9 represents the next important development. For this 
heater, a generally rectangular construction was adopted to 
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provide a combustion-gas outlet as wide as the heater, and the 
heat exchanger was, so to speak, wrapped around the side and top 
of the heater for compactness. Secondary air, introduced through 
the ends of a refractory arch, was admitted above the gas pas- 
sage, but the error was made of admitting the air through eight 
3/,-in. holes spaced about 2 in. apart, whereas in the heater of Fig. 
8 the secondary-air slot had extended continuously over the gas 
outlet. It was found that smoke was not completely eliminated, 
and it was verified that lateral stratification of streams of gases 
occurred, owing to lack of side mixing with air. An investigation 
was carried out whereby the individual holes were first replaced 
by four 4-in. divided slots having 1-in. closed spacing between 
them, and then by a continuous slot extending over the entire 
length of arch. 

Table 1 summarizes average results obtained from four succes- 
sive tests under each of the conditions listed. The advantage of 
replacing individual holes by a continuous slot, to prevent lateral 
stratification, is shown by the decrease obtained in recorded 
durations of smoke, indicated by the inclusive minutes above 
each of the conventional Ringelmann numbers. The average per- 
centage of carbon dioxide obtained in these tests was also of in- 
terest in showing that, by standards of low-duty, hand-fired heat- 
ing equipment, acceptable and rather constant combustion 
efficiency was being obtained with decrease in smoke. 

In this connection, tests made with the four 4-in-slot arrange- 
ment had shown a distinct relation between the area of opening 


TABLE 1 COMPARISON OF RESULTS OF SMOKE EMISSION 

FROM USE OF HOLES, OF DIVIDED SLOTS, AND OF A CONTINU- 

OUS SLOT IN SECONDARY-AIR ARCH. AVERAGE RESULTS 
FROM FOUR TESTS OF HEATER SHOWN IN FIG. 9 


(Ohio No. 6 coal, size 2 in. X 1 in.) 


Secondary-air openingsin arch... Light, %/«in. Four, 4-in, Continuous 
oles slots 20-in. slot 

Average applied draft, in. water...... 0.059 0.056 0.060 
Combustible gasified, lb....... 19.25 19.10 23.75 * 
Duration «bn hese ee ke ele 3.5 4.0 4.0 
Combustible gasified, lb per hr...... 516 4.8 6.0 
Average flue-gas temperature, 

EGAN cn rkitin ns cet ee oe ee 875 850 880 

Smoke, Ringelmann No., minutes (inclusive) in test period 
AIDOVE NOs) jaa a an ee 26 16 15 
Above Nor: «Anas becca Meaeer rE 12 4 2 
ASDOVONNG: Site gin oAe ine yet ete S 2 it 
INDOVONNIONASER:, shay sckine ris, Ane 6 1 0 
Average flue-gas composition, per cent 

COS erett agit. coasts set ee 9.6 9.2 10.0 
Op: caress ae a Cocca yc eee 9.7 10.2 9.2 
CO Ras oht ny oheh histo ae ere ae OL Ort 0.3 


provided for the admission of secondary air to the interior plenum 
of the arch, the smoke emission, and the excess air. Table 2 
illustrates the relation determined by the average of four tests in 
each series with the stated areas of opening. The table shows 
that with a small area the CO, was high at 13.5 per cent and also 
the smoke emission. With increase in area and, consequently, 


TABLE 2. RELATION OF SMOKE EMISSION AND OF AVERAGE 
COz2 TO AREA OF SECON LORE ING IN HEATER SHOWN 


(Ohio No. 6 Coal, size 2 in. X 1 in.) 


Area of opening for secondary air, sq in... UL dP. a.08 5.30 
Average COd en. clans So Re oO 13.5 10.0 9.2 
Smoke, Ringelmann No., minutes (inclusive) in test period of 4 hr 
Above NOL eens ccs os ae oyahe fetta o ate 16 
Albowe NOS 27 nso cist sass. uaprasie otaemtetts ce 2 5 4 
MDOVE INO Bias gos coke oe mere eerie 37 3 2 
ADOVOHNO Diets siesessie aemashe ol aR acrekere estab ae 6 2 1 


increase of secondary air, both CO, and smoke decreased, but the 
reduction in smoke obtained with a CO, content as low as 9.2 
per cent was not so large as that obtained by replacing the partial 
slots by a continuous slot, in further view of the fact that an 
average CO, of 10 per cent was obtained with the latter arrange- 
ment. 

Discussion of Results of First Stage of Development. Although 
the evolution described in the design of the cross-feed heater 
properly could be considered to have solved the problems of 
smoke emission and of compactness of design, yet there re- 
mained the serious difficulty that the heater required poking to 
bring devolatilized fuel into the hearth. To minimize the labor 
of poking, successive heaters had been made smaller, with a firing 
door at the top, to permit more advantageous use of the poker 
in breaking the hard coke layer formed above the hearth section. 
Such small heaters had the disadvantage of a short interval be- 
tween firings, of approximately 4 hr, as shown in Tables 1 and 2, 
and could not be construed as magazine heaters. This was con- 
firmed in field trials of some twenty units of a jacketed heater 
based upon the heater shown in Fig. 9, for which the principal 
complaint was precisely the difficulty of poking. Hence, it was 
indicated that means had to be found to prevent caking in the 
magazine if a smokeless heater with true magazine feed was to 
be developed to give users the very tangible advantage of a long 
period between refirings, at rating, in addition to-smokeless opera- 
tion. This was the objective of the second stage. 


Seconp STAGE IN THE DEVELOPMENT OF THE SMOKELESS STOVE 


One of the simplest ways to prevent the caking of bituminous 
coal is to provide oxidizing conditions around pieces, as tar exudes 
from them while the coal is being heated. Little air is required 
to prevent caking in this manner when the rate of heating is low 
but the reverse is true at higher rates. The application of this 
principle to the smokeless stove appeared promising enough that 
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trials were made in a deep-magazine heater built for this purpose. 
As soon as confirmation had been obtained that caking could be 
prevented, a number of units were built for field tests. 

Fig. 10 is a diagrammatic cross section of this seconu field- 
test unit which embodied a means of admission of magazine air, 
under controlled conditions, for self-feeding. The air was ad- 
mitted through an external duct and entered near the top of the 
firing space above the magazine charge. Flow of this air through 
the fresh charge of caking fuel induced upward travel of ignition 
of the tarry substances, against the flow of air. Meanwhile, 
cross-feed burning, in the hearth, maintained heat output and 
provided the heat source from which the upward travel of igni- 
tion could start; thus the time was provided that is required to 
convert the caking coal to the free-burning stage to permit its 
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descent into the hearth. This combination of principles was 
found to correct, in the manner described, for the operating defi- 
ciencies of the heater shown in Fig. 3, which depended entirely 
on downdraft burning to sustain the burning rate. Because of 
air admission to the magazine, the vent formerly used to lead 
fumes from the magazine to the point of entry of cross-feed air 
was no longer required and was not provided in the heater shown 
in Fig. 10, and in other heaters subsequently built. 

Occurrence and Cure of Puffing. At this stage of the develop- 
ment, laboratory and field experience showed that, as a result of 
the admission of air to the magazine, “puffing” was introduced 
during operation, particularly following an adjustment in the 
rate of airsupply. The puffing was normally inaudible but mani- 
fested itself by the emission of visible smoke puffs at one or more 
of the various air inlets to the heater, the smoke having the char- 
acteristic odor of incompletely burned gases from bituminous 
coal. This occurrence led to a rather long investigation to ob- 
tain a cure; the fact that puffs might appear at any of the air 
openings made it difficult to understand their exact cause. 

Final conclusions reached were that puffing could occur as a 
result of two types of actions, namely, (1) formation of an ignitible 
mixture within the fuel-bed voids, in the vicinity of the secondary- 
air arch, when these voids were large enough to yield appreciable 
kinetic effects upon ignition of the mixture, and (2) formation 
of an ignitible mixture of combustible gases and air in the firing 
space above the magazine charge, followed by ignition of the 
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mixture, as a result of the upward travel of ignition to the top of 
the charge. 

Fig. 11 shows the general design of three heaters used for the 
experimental work on which the first of these conclusions was 
based. In these heaters the magazine air was introduced within 
the charge rather than near the top of the firing space as in Fig. 
10. The three heaters were.similar in every respect, except that 
the dimension corresponding to the distance from the refractory 
arch to the opposite wall was only 11.75 in., as in the heater 
shown in Fig. 10, for the first heater; for the second heater, this 
dimension was 14.75 in. as in the heater shown in Fig. 11; and in 
the third heater this dimension was 18.25 in. When burning the 
weakly caking Illinois or Indiana coals in these heaters, under 
steady conditions, no puffing was observed. When burning 
the strongly caking Pittsburgh coal, however, puffs were observed, 
under steady operation, with the first of these heaters, but not 
with the other two having the longer dimensions from arch to 
wall. 

The explanation for this behavior was that the residual-coke 
pieces formed with the more strongly caking coal were much 
larger than those formed with the weakly caking coals; hence 
the void spaces between pieces were also correspondingly larger, 
and appreciable kinetic effects could be developed, in the vicinity 
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of the arch, provided there was enough residual oxygen brought 
into the void spaces to mix with the combustible gases also enter- 
ing into them in their flow downward from the fresh fuel in the 
magazine. Since combustion efficiency would increase, with in- 
crease in the hearth dimension described, and also with decrease 
in size of coke pieces, it was apparent that only in the heater with 
the shortest hearth dimension were the two conditions both ful- 
filled, when burning a caking coal, of large voids and of enough. 
residual oxygen to give an explosive mixture. This was con- 
firmed by a flue-gas analysis which gave averages of 9.3 and 9.4 
per cent CO2, over an 8-hr period, for the two larger heaters, but 
only 6.7 per cent CO; for the smallest when burning Pittsburgh 
coal without smoke formation. The net result was that freedom 
from puffing from this cause required that the arch-to-wall di- 
mension be at least 14 in., with little gain in combustion efficiency 
from any further increase in this dimension. 
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The second process mentioned, in which a mixture of combus- 
tible gases and air could form in the space above the magazine fuel 
is illustrated in Fig. 10 by the arrow, showing the tendency for 
gases to leave the top of the charge in opposition to the downward 
flow of air. That such a process existed was demonstrated by the 
arrangement shown in Fig. 11 whereby the air required to induce 
self-feeding of the coal was introduced within the charge, through 
a narrow slot as wide as the heater, at a level some 2 in. below 
the top of the charge. Because little or none of the air passed to 
the space above, no puffing was experienced with this arrangement 
under steady or variable operation. However, a layer of hard 
coke was formed above the level of the air entry, and this layer 
remained in place even after the free-burning fuel below had 
fed down, thus giving a deceptive appraisal of the quantity of 
fuel in the magazine. Raising the level of self-feeding air ad- 
mission to the level of the top of a normal firing was successful 
in avoiding the formation of the coke arch, but reintroduced occa- 
sional puffing following partial closure of the cross-feed air inlet 
to reduce heat output. 

Fig. 12 illustrates how the change in level of air admission was 
carried out and shows also the next change made which was to 
provide a sloping roof in the magazine to halve, approximately, 
the volume available for the mixture and reduce the kinetic effects, 
following ignition. 
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The final arrangement designed to make it practically impos- 
sible for any slight puff to manifest itself outside of the heater 
was to provide a common plenum duct covering both the maga- 
zine-air and the cross-feed air inlets, and extending enough down- 
wardly so that the duct opening would be approximately at the 
grate level. 


GRATES OF THE SMOKELESS STOVE 


Throughout the development of the smokeless stove, a great 
deal of attention had to be devoted to the development of a grate 
design that would (1) insure no short-circuiting of air through the 
ashpit in order to maintain the flow of cross-feed air above the 
grate, and (2) provide a dumping element for disposal of un- 
burned refuse. 

Fig. 13 shows the design of the final type of grate developed. 
The close-fitting fingered portion is intended to offer enough re- 


sistance to the flow of air to prevent short-circuiting while effec- 
tively serving to shake the bed and remove the fine ash released. 
Unburnable refuse is transferred by the motion of the grate into 
the troughlike end grate, under the vertical gas passage, for 
periodic removal by turning a crank attached to the trunnion 
support and thereby dumping the accumulation. The dump 
grate is counterbalanced to return automatically to a sealing 
position under the frame. A special re-entrant at the wall adja- 
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cent to the first rocking finger grate serves to prevent wedging of 
hard coke against this grate element. 


CHARACTERISTICS OF PRESENT COMMERCIAL SMOKELESS HEATER 


Fig. 14 shows in diagrammatic form the design of one of the 
present commercial smokeless stoves on which the plenum duct 
described earlier is visible. A feature of this design is the replace- 
ment by alloyed metal of the refractory portion of the arch, 
formerly on the fuel-bed side, to give longer life under existing 
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PABLE TYPICAL TEST RESULTS, HEATER BCR-2A; CON- 
ae ‘ SECUTIVE FIRING CYCLES 
(Pittsburgh coal, size 2 in. X 11/4 in.) 
Air openings: 
Magazine, position..........-+---- 4 4 4 ji 
Cross-feed, position.......---..---- land4 4 eS : 
Sacondaryain: os vn sebesnels a2 o lor 3/8 3/3 / 3 / 4 
Average stack draft (natural), in. water 0.047 0.054 0.045 0.042 
Weight of fuel fired, lb...........-... 43.5 47.0 43.0 45.0 
Povation ottest, re...) savy cis see age ee 8.00 8.00 8.08 8.16 
Average fuel gasified, lb per hr........ 3.94 5.13 4.46 4.04 
Average flue-gas temperature, deg F.. 863 876 859 859 
Flue-gas composition, per cent 
OY eric che eto BIGAMa ODO DCI to ckcto react 9.1 8.2 8.3 8.8 
Onn ES ORS hag Poss ne Sac eS MOC aN  a0)si5 
CLO), SeG a a Be he Molo pet ho Shorr He eePear 0.0 0.0 0.0 0.0 
Smoke, Ringelmann No., min (inclusive) in 24 hr¢ 
PADOV.G UN Galera ssa ait i ievelsusielansts a ouete 2 OD a 5 11 
A DOWEMNO Ton cce cutee anisitedta Si. 9b 5 0 6 
ADOVOrNO mortise ere elony et 5b 3 0 0 
TADOMO UN Ged cre cls cokes tet oe oe Meena ete 3o 0 0 0 


@ Smoke data include 8-hr burning test and 16-hr banking period. 
’ Smoke data include start of a new fire. 


stresses. Table 3 summarizes typical test data obtained with 
this heater on a 24-hr firing cycle, 8 hr at rating and 16 under 
bank. The smoke-emission data are for 24 hr; those given in 
the first column include the start of a new fire, which by com- 
parison even with the smoke normally emitted following a re- 
firing, as shown in the other columns, would not be considered 
excessive. 

The user of the smokeless stove regulates the heat output by 
adjustment of the cross-feed air damper only, except when chim- 
ney draft is excessive, when adjustment by means of a turn 
damper in the flue, or a barometric damper, may also be required. 
The magazine-air damper and the secondary-air dampers are 
adjusted by the coal dealer as follows: The magazine-air damper 
is set at the wide-open position for strongly caking coals (all 
Appalachian coals), at the mid-open point for mildly caking coals 
(Midwestern coals), and at the closed position for anthracite, 
coke, or the free-burning subbituminous coals and lignite. The 
secondary-air damper is set at the full opening for high-volatile 
coals, at the mid-opening for low-volatile coals, and at the closed 
position for anthracite and coke. A double-screened coal within 
the size range 3 to 1 in. is best-suited to the heater; smaller sizes 
have been found to give caking difficulty and larger sizes may 
contain impurities difficult to discharge through the dump grate. 
Run-of-mine coal is not recommended. 


CALORIMETER-Room TxEsts 


A not inconsiderable part of the investigation for the develop- 
ment of the smokeless stove had to do with the design and con- 
struction of a calorimeter room in which the heat output of 
heaters could be measured directly. Fig. 15 is a cutaway view 
of the structure that was built for this purpose. On a simple 
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stud-and-joist framework 12 ft X 12 ft X 8 ft, were attached 
sheets of !/2-in. rigid fiber insulating board provided with dif- 
ferential thermocouples to indicate the average temperature 
difference between the inside and outside of the wall. Two 
blowers were mounted on the roof to force air in and withdraw 
air through constricted ducts for measurement of both (1) the 
quantity of air flow by means of Pitot tubes, and (2) the tempera- 
ture of the air by means of thermocouple grids. A highly in- 
sulated floor was used. The room was calibrated by use of an 
electric heater, the unknown being the average thermal conduc- 
tivity of the walls and ceiling which was obtained by subtract- 
ing from the known heat input the heat corresponding to the tem- 
perature rise of measured air flow and dividing by the indicated 
average temperature difference between the inside and outside 
wall and ceiling thermocouples. 

Otherwise, the room was provided with all facilities for running 
burning tests of heaters from which heat losses in the dry flue 
gases, in the steam, and in the refuse could be determined di- 
rectly. Knowledge of the heat input from the weight of coal 
burned and of the output as given by the room data thus made it 
possible to evaluate normally unaccountable heat losses due to 
tar and soot in the gases. By such tests it was shown that a con- 
ventional heater, such as shown in Fig. 1, gave a heat loss, due to 
smoke, of the order of 12 per cent of the heat input. By compari- 
son, smokeless heater BCR-2 gave an unaccounted-for loss of 
less than 3 per cent. : 

Table 4 summarizes the heat-balance results from a typical 
test run in the calorimeter room on a 12-hr firing cycle with a 
commercial model of the BCR smokeless heater, using Illinois 
No. 6 coal. The rating output obtained of 41,000 Btu per hr 
with an applied draft of 0.05 in. of water and with firings every 
12 hr, was also obtained with Island Creek and with Pittsburgh 
bed coals with this heater. 


TABLE 4 SUMMARY HEAT-BALANCE RESULT, CALORIMETER 
ROOM TEST OF A COMMERCIAL MODEL OF THE BCR HEATER, 
12-HR FIRING PERIOD 
(Illinois No. 6 coal, size 2 in. X 11/2 in.) 

Measured heat output, Btu per hr: 


Heat gained byaroomvaire. a. an fone si ectsite «chen 32350 
Heat loss through wall........ Or: ae ake oa 11140 
Heat. from! flue’pipe si sucuss. se te ee ee 2560 
Rating output of heater (12-hr basis).............. 40930 


Heat balance 
Btu/lb Percent 


Heat utilized (efficiency).................. 7649 64.6 
Losses: 
Steam..-sncc ufo eee katoi cael ater rere 656 5.5 
Dry fuetras jaccc tees eee 2539 21:4 
BAGO Dap src uc moma cer cbicasioIn cinco 70 0.6 
Asbpitisrcjeresnckcanninc< nao OO ee 591 5.0 
Unaccountedfor..% yee een cee 335 2.9 
Calorifio\valuclotiiuel-e nite 11,840 100.0 


For the 5 ft of pipe in the calorimeter room, Table 4 shows that 
2560 Btu per hr corresponding to a 4 per cent gain in efficiency 
was transferred to the room. In a residential installation, addi- 
tional recovery of heat and gain in efficiency may be realized 
from the flue pipe and chimney. However, because this is so 
variable with different installations and is uncontrollable after 
the installation is made, the efficiencies are reported here, as in 
usual practice, only on the output of the heater, including the 
first 20 in. of the metal flue pipe. 


Under average winter-load conditions, firing would be ex-- 


pected to be required about once in 18 to 24 hr, and banking 
periods as long as 72 hr, followed by good pickup, have been 
obtained. 

Fig. 16 is an exterior view of a circulator-type commercial 
version of the BCR smokeless heater. Fig. 17 is an exterior view 
of a radiant-type commercial version, the performance of which 
is similar to that of the circulator type. 

A smaller-size radiant unit has also been developed and is in 
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Fie. 16 Fuut-Sizze, Crrcunator Tyrer, ComMperctaL VERSION OF 
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Fic.18 Smavu-Sizz, Rapiant TyPp, COMMERCIAL VERSION OF BCR 
SmokeELess HEATER 


Fie. 17 Fuui-Size, Rapranr Type, COMMERCIAL VERSION OF BCR 
SMOKELESS HEATER 


commercial production. Fig. 18 illustrates this heater which 
has a rated output of 25,000 Btu per hr, under a 12-hr firing pe- 
riod, at an applied draft of 0.040 in. of water. The indicated 
efficiency of this unit is 67 per cent when burning bituminous 
coal. 

Patent applications have been filed in the United States and 
Great Britain and various claims allowed for the developments 
described in this paper. A Canadian patent has been issued. 
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Corrosion-Erosion of Boiler Feed Pumps 
and Regulating Valves at Marysville, 
Second Test Program 


By J. M. DECKER,! H. A. WAGNER,? anv J. C. MARSH,’ DETROIT, MICH. 


Corrosion-erosion tests at 320 and 385 F indicated that, 
at these temperatures, carbon steel is attacked to a lesser 
extent than at 250 F, whereas the reverse is true of the 
chromium-bearing steels. However, the rate of attack of 
the chromium steels is still only a fraction of that of car- 
bon steels, so that use of the alloy steels for boiler-feed- 
pump parts is warranted at the higher temperatures also. 
Increasing the pH of the feedwater from 7.6 to 8.4 doubled 
the corrosion-erosion attack on carbon steel in the Marys- 
ville boiler feedwater at 250 F, as compared with previous 
tests at the lower pH. Of two bronzes tested, Navy M 
material appeared satisfactory at temperatures up to 320 
F; a leaded bronze was unsatisfactory at all test tempera- 
tures in this program. 


INTRODUCTION 


N a previous paper,‘ the authors dealt with tests made at the 
Marysville plant of The Detroit Edison Company to deter- 
mine the relative resistance of 18 different materials to the 

corrosion-erosion type of attack commonly experienced in boiler 
feed pumps and regulating valves. Feedwater at 250 F was used 
for these tests. Shortly after the paper was presented, plans 
were started for a 200-mw extension to the company’s Trenton 
Channel plant. The plan adopted requires a cycle in which the 
feedwater temperature is 315 F at the boiler feed pumps. Initi- 
ally, temperatures as high as 425 F were considered. 

In order to obtain corrosion-erosion data for feedwater at the 
higher temperatures commonly found in newer power plants, a 
second test program was conducted at the Marysville plant. 
Temperatures of approximately 320 F and 385 F were chosen for 
the tests because they were within the range that was considered 
for the Trenton Channel and Connors Creek plant extensions, and 
because feedwater at those temperatures was available from the 
7th and 4th stage heaters, respectively, of No. 7 turbogenerator. 
Since feedwater at 250 F from the boiler-feed-pump discharge of 
this same turbogenerator had been used in the earlier tests, the 
tests at higher temperatures should therefore evaluate the effect 
of the higher temperatures rather than some other variable. 

Early in the test program it was noted that when the evapora- 
tor was taken from service, the pH of the feedwater increased 
from an average of about 7.3 to 8.3. Advantage was taken of 


1 Research Department, The Detroit Edison Company. Jun. 
ASME. 

2 Engineering Department, The Detroit Edison Company. Mem. 
ASME. 

3 Production Department, The Detroit Edison Company. 

4“Corrosion-Erosion of Boiler Feed Pumps and Regulating 
Valves,” by H. A. Wagner, J. M. Decker, and J. C. Marsh, Trans. 
ASMH, vol. 69, 1947, pp. 389-397. , 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 29-December 3, 1948, of 
Tur American Society or MrecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 48—A-118. 
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this situation to determine in one series of tests the influence of 
pH in this range on the corrosion-erosion resistance of cast carbon 
steel. Included in this series cf tests was one specimen each of 
1.25 per cent chromium, 0.5 per cent molybdenum steel and 
leaded bronze. 

The purpose of this paper is to present (1) the results obtained 
in the second test program; and (2) a comparison of the informa- 
tion thus obtained with corresponding data from the original 
tests. 


MATERIALS TESTED 


Nine different materials were tested. The materials, with their 
chemical compositions and physical properties, are listed in Table 
Ul 

Six of the materials: Navy M (a bronze); 5 per cent Cr, 0.5 per 
cent Mo; 12 percent Cr; 18 per cent Cr, 8 per cent Ni; Cr-Ni-Mo; 
and carbon steel, had been tested earlier at 250 F. With the 
exception of the carbon steel, which was used for control speci- 
mens, all of these materials had shown good corrosion-erosion 
resistance. They were selected, therefore, for testing at the 
higher temperatures. The other three materials were selected 
for the following reasons: 


1 Leaded bronze had been suggested by a pump manufac- 
turer for wearing-ring material in boiler feed pumps for the Tren- 
ton Channel plant extension. 

2 An alloy steel containing 1.25 per cent chromium, 0.5 per 
cent molybdenum is being used frequently for high-temperature 
steam lines, and, if found to have good corrosion-erosion resist- 
ance, could be used advantageously for boiler-feedwater service 
because it is readily available. Previous tests also had indicated 
that steels of low chromium content would be satisfactory. 

3 Chromium plating was included because it might be useful 
for protecting existing cast-carbon-steel equipment from attack, 
if it possessed the corrosion-erosion resistance common to iron- 
chromium alloys. 


Four specimens of cast carbon steel were used in the test to 
determine the effect of increased pH on the corrosion-erosion 
rate. Cast carbon steel was chosen because any effect which 
changing the pH might have would be more readily observed on 
cast carbon steel than on the materials possessing greater corro- 
sion-erosion resistance. This test was made at 250 F, as more 
data for comparative purposes were available for that test 
temperature than for other temperatures. 

Specimens of 1.25 per cent chromium, 0.5 per cent molybdenum 
steel and of leaded bronze were included with the four cast-car- 
bon-steel specimens because no tests of these materials had been 
made previously at 250 F. 


DESCRIPTION OF TEST 


The test method and equipment used for determining the 
corrosion-erosion resistance of the metals have been described in 
detail in the earlier paper‘ on this subject. Briefly it consists in 
exposing specimens of the material to be tested to the action of 


CHEMICAL COMPOSITIONS AND PHYSICAL PROPERTIES OF TEST SPECIMENS 


TABLE 1 
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high-velocity turbulent feedwater under conditions similar to 
those encountered in boiler feed pumps and regulating valves. 
The two parts of a test specimen with the mating faces upward 


are shown in Fig. 1. 
During test, a weighed specimen is held in a corrosion-erosion 
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TABLE 2 


Test No. 


8 


10 


11 


12 


13 


Specimen & No. 
Carbon steel 18 


5% Cr 20 
12% cr 3A 
18-8 SA 
Navy M 13A 


Leaded bronze 19 


Carbon steel 18A 


5% Cr 20A 
12%-cr 3B 
18-8 5B 
Navy M 15B 


Leaded bronze 19A 


Carbon steel 18B 


5% or 20B 
12% Xe) 
Navy M 13¢ 


Leaded bronze 19B 
1-1/4 Cr--1/2 Mo 


Carbon steel 18C 


5% Cr 20C 
12% Cr- 3D 
18-8 5C 


Navy M 15D 
1-1/4 Cr--1/2 Mo 


Carbon steel 18D 


Cr-Ni-Mo 9A 
1-1/4 Cr--1/2 Mo 
18-8 5D 
Navy M 13E 


Cr Plated C steel 


Carbon steel, 1G 
n n 


1H 
Ll " 185 
Le! LP eye) 


Average 
Pressure 
Differential, 
psi 
299.7 
299.69 
299.6 
2lA 
300.1 
21B 
299.9 
21C 
iF 
297.8 


Fic. 3 GENERAL View oF Txst Serup 


1-1/4 Cr--1/2 Mo, 21A 
Leaded bronze, 19C 


* Loss corresponding to 447-hour test. 
** Loss corresponding to 439-hour test. 


SPECIMENS 
Average 
Water Average 
Temp. Avg. Conductivity, 
F pH Micromhos 
381 7.5 0.43 
318 7.4 0.48 
384 7.2 0.39 
323 7.2 0.59 
388 7.5 0.41 
255 8.4 0.66 


In Table 2 the specimens are identified and averages of pres- 
sure differential, temperature, pH, specific conductance, and dis- 
solved oxygen concentration, and specimen weight losses are 


given for each test. 


Weight losses are shown graphically in Figs. 
5 and 6, along with data obtained in earlier tests at 250 F. 


In Fig. 5 the weight losses obtained at 250, 320, and 385 F for 
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0.008 


0.007 


0.005 


0.007 


0.004 


0.007 
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BOILER FEEDWATER PRESSURE DIFFERENTIALS, TEMPERATURES, TEST RESULTS, AND WEIGHT LOSSES OF 


Grams 


0.6822 
0.0427 
0.0447 
0.02350 
0.0265 
0.2490 


5 .4675% 
0.0641 
0.0406 
0.0348 
0.0473 
0.2878 


0.5915 
0.0557 
0.0606 
0.2304 
0.4699 
0.0770 


1.3638 
0.0614 
0.0953 
0.0208 
0.0394 
0.0870 


0.1978 
0.0609 
0.0570 
0.0171 
0.2678 
0.35266 


4.6179 
5.2467 
4.0695 
4.1204 
0.1678 
0.2822 
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each material are grouped together to show readily the effect of 
temperature on the corrosion-erosion rate of the various metals 


tested. 


The weight losses obtained for cast carbon steel at 250 F are 
plotted in Fig. 6 to show the effect of the pH on the corrosion- 


erosion rate. 
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Fic. 4 Scupmatic Diagram, Corrosion-Erosion Trst Serup 
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Fie. 5 Resutts or 500-Hr Corrosion-ERosion Tests or Casr- 
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CarBon-StTpeu Specimens av VARIOUS pH Vatuzs 
(Temperature 250 F, pressure differential 300 psi.) 
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Discussion OF RESULTS 


In general, test results indicate that cast carbon steel is more 
resistant to corrosion-erosion attack at high temperatures than at 
low (See Table 2 and Fig. 5). At 388 F, for example, the loss in 
weight (0.1978 g) is less than !/1) that of the average (2.2582 g) 
of six specimens at 250 F. An exception to this generalization 
was observed, however. At 318 F, Specimen 18A (test No. 9) 
was attacked so extensively that the 300-psi differential across 
the specimen could not be maintained after 447 hr of test. A 
careful analysis of test and water conditions revealed no varia~- 
tions that would account for the accelerated attack. Specimen 
18C, which was made from the same bar, lost much less weight 
under similar conditions. Microscopic examination of the metal 
structure of the two specimens revealed no significant differences 
that would account for the variation in weight losses. There 
may have been some slight variations in specimen dimensions or 
surface finish, although it is difficult on this basis to account for 
the great difference in attack. 

The indication that cast carbon steel has higher corrosion- 
erosion resistance at 385 F than at 250 F is substantiated to some 
extent by actual experience at Marysville. Recently a check 
valve at the discharge of Nod. 7 boiler feed pump, where the feed- 
water temperature is 250 F, was found to be badly damaged. An 
identical valve located in the same line at the discharge of the 
4th-stage heater, where the temperature is 385 F', however, showed 
little attack after the same number of service hours. 

Inasmuch as water is more highly ionized at 320 F and 385 F 
than at 250 F (see Fig. 7), it would seem likely that metals 
would be more rapidly attacked at the higher temperatures. In 
the case of cast carbon steel, however, it seems that a more 
tenacious oxide coating forms on the surface of the metal at the 
high temperatures than at the low ones, and actually causes a 
reduction in rate of attack. 
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Fie. 7 CHancr or Hyprocren-lon ConcentTRATION WitH Trm- 
PERATURE IN PuRE WATER 


(From “Properties of Ordinary Water Substance,” by N. E. Dorsey, Rein- 
hold Publishing Corporation, New York, N. Y., 1940, Table 182, page 378.) 


During the series of tests that composed this study, it was 
observed that the color of the coating on the specimens depended 
on the temperature at which they were tested. At 320 and 385 
F the coatings were black, indicating them to be magnetic iron 
oxide, and at 250 F they were red, indicating ferric oxide. The 
black coatings were more tenaciously bonded to the specimens 
and were more difficult to remove than the red coatings. 

In all cases the chromium-bearing steels were much more cor- 
rosion-erosion resistant than the carbon steel. As would be ex- 
pected, the 18 per cent chromium-8 per cent nickel had the 
highest resistance. At 250 F the corrosion-erosion resistances of 
the chromium-bearing steels were roughly proportional to their 
chromium contents. At the higher temperatures, the relative 
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advantage of the high-chromium alloys was greatly reduced. 
For example, at 385 F the corrosion-erosion resistances of the 
Cr-Ni-Mo steel containing 0.79 per cent chromium, and of 
the 1.25 per cent chromium, 0.5 per cent molybdenum steel were 
about equal to that of 5 per cent and 12 per cent chromium steels. 

The test results indicate that Navy M bronze should be satis- 
factory for service in feed pumps operating at temperatures up 
to 320 F. Two of three tests indicated that the rate of attack 
would be too high at 385 F for satisfactory service, the rate being 
about 10 times that found at 250 F. The rate of attack in the 
third test at 385 F was abnormally low, so much so that it was 
disregarded in evaluating this metal. 

Test results obtained for leaded bronze indicated that it is not 
well suited for corrosion-erosion service at temperatures from 250 
to 400 F. Experience with a coil-drains pump on an evaporator 
at the Trenton Channel plant corroborates these results. After 
operating for 6 months at approximately 400 F, the leaded-bronze 
wearing rings in the pump were badly damaged and had to be 
renewed, whereas other parts of the pump made of 12 per cent 
chromium steel were only slightly attacked. 

Since even a small amount of chromium imparted a pronounced 
resistance to corrosion-erosion attack, it seemed that a thin chro- 
mium plate on the interior surface of carbon-steel pump casings 
might provide excellent protection for pumps already in service. 
It was determined that pumps could be plated at a reasonable 
cost. However, results of a test at 388 F of a chromium-plated 
(0.001-in. plate directly on steel), cast carbon-steel specimen 
showed that the chromium plating was porous or cracked, which 
allowed the unprotected base metal to be attacked. The weight 
loss given for the specimen (see Table 2, test No. 12) is much too 
high as it includes part of the chromium plating which was 
stripped from the specimen during the cleaning treatment that 
preceded weighing. The view of the specimen, Fig. 8, shows that 
the chromium plating had broken down in spots and that the 
base metal had been attacked. 


Fic. 8 Test Specimen No. 1F; Curomium-PLatep Cast CARBON 
Sree, Arrpr 500-Hr Trst ar 388 F 


The results of the tests of cast carbon-steel specimens indicate 
that at 250 F the rate of corrosion-erosion attack increases with 
pH between 7.6 and 8.4, the rate at 8.4 being about double that 
at 7.6 (see Fig. 6). This is contrary to what is usually expected. 
However, in a different type of corrosion-erosion test, conducted 
at Ohio State University on similar material, using distilled water 
at 122 F, the rate at pH 8 was about 10 times that at pH 6, (see 
Fig. 9). These data tend to substantiate results obtained at 
Marysville, although no direct comparison is justified because of 
differences in test conditions. However, it is indicated that in- 


5 Chrome-plating directly on the steel instead of on an intermediate 
plate of copper and nickel was recommended by the plater as a supe- 
rior wear-resistant coating. 
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Corrosion Rate mils per year 
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pH of Solution 


Fig. 9 Errect oF pH on Corrosion-EROSION OF STEEL 


(W. A. Luce, Engineering Experiment Station News, Ohio State University 
vol. 19, no. 5, pages 29-32.) 


creases in feedwater pH for the purpose of reducing corrosion- 
erosion attack should be made with caution. 

The attack on the 1.25 per cent chromium, 0.5 per cent molyb- 
denum-steel specimen at 250 F and pH 8.4 (test No. 18, Table 2) 
was about twice that measured in the other tests at higher tem- 
perature and lower pH (test Nos. 10 and 11, Table 2). No direct 
comparison to show the effect of pH on this alloy could be made, 
however, as no tests had been made at 250 F and the lower pH. 
Although it seems that the higher pH had little effect on the cor- 
rosion-erosion resistance of the leaded bronze, here again com- 
parable data were not available. 

It was noted at the end of the test at 250 F and pH 8.4 (test 
No. 13), that the specimens were exceptionally clean. There 
was very little, if any, of the red iron oxide which formed heavy 
coatings on the specimens during earlier tests at 250 F and lower 
pH. This seemed to indicate that the higher pH retarded the 
formation of protective oxide films on the specimens, thereby 
promoting metal wastage. 


CONCLUSIONS 


The rate of corrosion-erosion attack on carbon steel decreased 
with increase in temperature of Marysville feedwater, whereas 
the rate of attack increased for chromium-iron alloys. There is 
some indication that attack of the chromium alloys is greatest at 
some point between 250 and 385 F. At all temperatures at 
which tests were made, the chromium alloys were much more resist- 
ant to corrosion-erosion attack than cast carbon steel, and there- 
fore they are considered to be satisfactory for service in boiler 
feed pumps and regulating valves up to 400 F in all Detroit Edi- 
son plants where the feedwater has similar characteristics. 

The 1.25 per cent chromium, 0.5 per cent molybdenum steel 
and the Cr-Ni-Mo steel were not attacked to a significantly 
greater extent than the 5 and 12 per cent chromium steels at the 
higher temperatures. Because of greater weldability and lower 
cost, it appears that the low-chromium alloys might be used ad- 
vantageously in feedwaters having similar or less corrosive 
characteristics. 

Leaded bronze is not a good material for use at 250 to 400 F 
under conditions where corrosicn-erosion attack can be expected. 
Navy M bronze is satisfactory at temperatures up to about 320 F. 
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Chromium plating as a means of protecting existing carbon- 
steel pump casings is not satisfactory. 

As in the previous tests,‘ the authors have not been able to 
deduce the underlying causes for corrosion-erosion attack, nor to 
determine which of the many variables is the most important. 
Increasing the pH of feedwater at Marysville from about 7.6 to 
8.4, however, approximately doubled the rate at which cast car- 
bon steel was attacked. This indicated that, for the Marysville 
feedwater, the lower pH is more desirable from the corrosion- 
erosion standpoint. While in some quarters higher pH values 
have been advocated as a panacea for all corrosion-erosion 
troubles, these results would seem to indicate that some caution 
should be exercised in increasing pH of feedwater indiscriminately. 


Discussion 


T. W. Bicerr.’ The Detroit Edison Company is to be 
warmly commended for making the investigation which is so 
ably reported in this and the original paper. The work has been 
carefully done and the information which is reported is usable 
and valuable to the industry. 

Corrosion-erosion to an abnormal degree occurs only occa- 
sionally in a steam turbine, but is similar to that in feedwater 
pumps, in that it does not follow a set pattern as to the apparent 
conditions under which it does occur. Corrosion-erosion will be 
quite severe in a turbine in one plant, and an identical turbine in 
another with the same pressure and temperature conditions 
will be virtually free of damage. The erosion occurs principally 
on the low-carbon-steel parts, the high-chromium steels being 
but little affected by this type of attack. 

Corrosion-erosion is not a serious problem in the superheat 
region of steam turbines, nor in the coldest stages at the exhaust 
end, However, it does occur in some machines in the so-called 
wet region, principally in the range where the steam contains up 
to about 5 per cent moisture. One turbine did not erode appreci- 
ably during the early months of operation when on base load, but 
corrosion-erosion became quite noticeable when the machine was 
changed to variable and intermittent operation. This can be 
construed as indicating that oxygen is a contributing factor. 

Some time ago the writer’s company studied the problem of 
determining the best method of making tests to solve the erosion 
problem. Moisture which is freshly formed within a turbine in a 
modern station is of a very high degree of purity, containing less 
impurities than the average distilled water. It was determined 
that the production of steam of sufficient purity in a laboratory 
would be extremely difficult and almost prohibitive in cost. It 
seemed that steam extracted from a turbine where erosion had 
occurred would be representative, and the Boston Edison Com- 
pany kindly agreed to let us run the tests with steam extracted 
from such a turbine in its Mystic station. 

About that time the original paper‘ by the present authors was 
published. Since the arrangement of specimens which they used 
simulated closely the condition of a leak between a turbine 
diaphragm and a shell ledge, and it seemed desirable for purposes 
of comparison to use a specimen which had been agreed upon in 
the industry, our specimens are dimensionally identical with 
theirs. To make possible a clean job of heat insulation we 
mounted our specimens in a recess in a solid block of steel and 
covered them with a small flange containing a jackscrew for 
clamping the specimens together. 

Saturated steam for testing is taken from the 14th-stage ex- 
traction line and fed to eight specimens at 25 to 28 psig through a 
well-drained header. The supply laterals are short and receive 
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steam from the top of the header, Several inches of each lateral 
are left bare to supply equal amounts of fresh moisture for the 
specimens. All inlet piping is stainless steel to minimize contami- 
nation. The exhaust goes to the main condenser where the pH of 
the condensate in the hot well is in the order of 6.5. 

Tests of 1000 hr duration for a total of 16 specimens have been 
completed. Many of the specimens were of turbine materials 
commonly known as corrosion-resistant. They were run for pur- 
poses of comparison and of course stood up very well. A few 
specimens of cast low-carbon ferrous materials have been tried. 
From these essentially preliminary runs, we have been able to 
learn that 2 per cent chromium improves low-carbon cast steel for 
use under these conditions more than 4 to 1, a good check of the 
results reported in the paper under discussion. Cast iron was not 
benefited by the addition of up to 1.5 per cent nickel, but was im- 
proved nearly 50 per cent by the addition of 3 per cent nickel and 1 
per cent silicon. Specimens of sprayed corrosion-resistant met- 
als over cast iron are in test and in preparation. 

A study is being made of the use of small amounts of alloying 
elements in carbon cast steel and cast iron with the object of pro- 
ducing useful low alloys at a reasonable cost. Samples of these 
alloys will be tested as rapidly as possible. 


C. ik. Brune.? Evidence from operating results in several sta- 
tions of the American Gas and Electric System seems to indicate 
that plain carbon steel is subjected to greater attack under higher 
temperature or lower pH. Attack was evident sooner and more 
severe in stations with feed pumps handling water over 400 F than 
in a station where pumping temperature was less than 400 F. 
At one station a set of pumps with feedwater pH of 7.5 experi- 
enced severe attack while another set with feedwater pH of 8.5 
experienced none. Feedwater temperature for both sets was 450 
F, When the low pH was brought up to 8.5, the attack ceased. 

Another phenomenon was experienced whereby deposits of 
corrosion products on sides of impellers, causing increase of motor 
horsepower, apparently, were reduced when feedwater tempera- 
ture was reduced, by removing from service the last heater. In 
some instances, at least part of the deposit resulted from corro- 
sion within the pumps. In one station the deposits started when 
ammonia content went down in the river from which evaporated 
make-up originates, and feedwater pH fell from above 8 progres- 
sively to as low as 6. "When ammonia content of river water and 
feedwater pH rose to normal values, the deposits apparently dis- 
appeared. There may be a question whether lowered temperature 
and increased pH lessened the formation of corrosion products or 
whether these changes influenced only the deposition of those 
products. 

From test No. 13, the authors incline to the belief that higher 
pH retards the formation of protective oxide film. The writer 
wonders whether the slightly more complete deaeration in test 
No. 13, as compared with earlier tests reported in the previous 
paper,* might not also have been a factor in retarding film for- 
mation. 

While the authors consider the tests to justify use of the chro- 
mium alloys under test up to 400 F in deaerated feedwater, it is 
believed this limit can be raised, at least for some of those alloys, 
since no attack is evident on a 5.5 per cent chrome alloy in several 


stations on the A. G. & E. system after years of operation with: 


deaerated feedwater at 450-460 F. 


F. P. Fatrcutip.’ This paper is a useful addition to the in- 
formation presented by the authors in their first paper.4 Our 
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corrosion-erosion tests on steel specimens with varying pH values 
indicate just the opposite of the findings of this paper, as reported 
in discussion of the paper on the first. test program. We found 
that a higher pH results in less corrosion-erosion attack at both 
90 and 205 F water temperatures. 

Recently we made some corrosion-erosion tests in an attempt to 
determine why high-pressure boiler-feed-pump parts of nickel 
cast steel had a longer service life at Essex Station than similar 
parts under similar conditions at Marion Station. Detectors 
made from diffusers of the Essex and Marion pumps were tested 
side by side under similar conditions in the Marion feedwater. 
Contrary to expectations, the detector made from the shorter- 
lived Marion pump had the smaller weight loss in 500 hr by 12 
per cent. Thus difference in materials was eliminated as an an- 
swer to the problem. 

Having eliminated material as a cause of longer life, we next in- 
vestigated the effect of condenser leakage, because the Hssex con- 
densate comes from condensers with packed tubes whereas the 
Marion condenser tubes are rolled at both ends. A tank and a 
variable-stroke proportioning pump were arranged to permit. the 
injection of fluid from the tank into the line carrying feedwater to 
one of the detectors. Thus we were able to make concurrent cor- 
rosion-erosion tests comparing normal with polluted feedwater, 
using detectors of like material (cold-rolled steel). 

Three tests simulating condenser leakage were run; two at 
Essex (4th and 5th) and one at Marion (11th), as shown in Fig. 10 
of this discussion. In all of these tests a solution of condenser cir- 
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culating water was injected into the line feeding one detector 
while normal feedwater flowed through the second detector. At 
Essex 0.7 ppm excess chlorides reduced the corrosion-erosion 
weight loss 21 per cent in 335 hr; and in the next run 2.2 ppm ex- 
cess chlorides reduced the weight loss 37 per cent in 525 hr. At 
Marion the same test resulted in a reduction of weight loss of 47 
per cent with 2 ppm excess chlorides in 500 hr. 

Since the tank containing the injection water was an open tank, 
there was the possibility that oxygen in the water might be the 
cause of the unexpected results of pollution. Therefore, at Hssex 
we repeated the test, polluting with undeaerated, pure condensate 
instead of raw water. The test shown as the 6th in Fig. 10, 
showed practically no effect of such pollution and very little dif- 


ference in oxygen content of the two effluents. Another similar 
test (the 7th) was run in which air was bubbled through the con- 
densate in order to increase the amount of oxygen in the injected 
condensate. In this case the corrosion-erosion of the polluted 
water was about 20 per cent greater than that of normal water. 
Thus oxygen was eliminated as a contributing factor. i. 

The 12th test at Marion used a solution of chemically pure so- 
dium chloride for pollution. In this case 2 ppm excess chlorides 
resulted in a reduction of corrosion-erosion weight loss of 21 per 
cent, about one half that resulting from the same excess chlorides 
with raw-water pollution. 

In all of the foregoing tests, the degree of pollution was so small 
that there was no measurable difference between the pH of the 
normal and polluted water. This would seem to indicate that pH 
alone may not be the best criterion for controlling corrosion-ero- 
sion. 


J. B. Gopsnatu.? The reported unexpected effects of raising 
the pH value and the temperature of the feedwater are of consid- 
erable academic interest. The major consideration, however, is 
the confirmation of the earlier conclusions regarding the vast su- 
periority of the chromium-bearing steels over carbon steels. 

It is particularly interesting to note that 12 per cent chromium 
has virtually no advantage over 5 per cent chromium, 0.5 per cent 
molybdenum stainless steel. Furthermore, the lower-chromium 
steel has certain advantages. For example, it is less susceptible 
to galling in pump service. 

Still lower-chromium steels, such as the 1.25 per cent chromium, 
0.5 per cent molybdenum steel, may be practical for the feedwater 
at Marysville. Caution will be required if this material is consid- 
ered for use in the many central-station feedwaters that are more 
aggressive toward carbon steel than the Marysville water appears 
to be. 

These considerations, plus the impossibility of maintaining ab- 
solute control of the many variables affecting feedwater quality 
from a corrosion standpoint, indicate that the pump materials al- 
ways should be selected for their ability to withstand any of the 
conditions likely to be encountered. Then, nominal fluctuation of 
the pH value or conductivity, or even a change in the water tem- 
perature, will be of no practical importance from the standpoint 
of corrosion-erosion. 

The failure of the chromium-plated specimen probably was not 
unexpected. This failure, however, should not eliminate chro- 
mium plating from consideration for all feed-pump applications. 
Shaft sleeves are relatively easy to plate, and have very good re- 
sistance to corrosion-erosion by the feedwater. In addition, they 
provide an extremely hard, excellent wearing surface. 


A. L. Penniman.” The writer believes there is a strong proba- 
bility that some of the factors assumed to have been insignificant 
in effect as to rate of metal loss were perhaps actually significant. 
This comment applies particularly to the first paragraph under 
“Discussion of Results.” 

Since the average velocity is quite high and is accompanied by 
a sharp change in the direction of water flow, it is considered 
likely that there will be considerable variation in filament veloci- 
ties with respect to both time and cross section which can result in 
some cavitation effect with material acceleration of metal loss, 
depending upon characteristics of metal and water. Under such 
conditions, it is believed that minor surface variations could in- 
fluence the results materially. 
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While it is recognized that maintenance of a constant differen- 
tial pressure tends to maintain the average velocity of flow con- 
stant and thereby hinder large progressive changes in rate of loss, 
it is believed that the static pressure is also of importance and 
should be recorded since it, as well as temperature, affects cavita- 
tion. 

It is noted that to obtain water at different temperatures, wa- 
ter was taken from different parts of the cycle. It is our opinion 
that such waters may differ in effect because of factors other than 
temperature which may have been assumed to be insignificant, 
e.g., suspended matter, metal and gas content. A filter is 
shown in Fig. 4 of the paper which obviously was intended to re- 
move suspended matter. It would be of interest to learn the type 
and construction of this filter, since our experience in filtering-out 
suspended matter from boiler feedwater has not been considered 
satisfactory. 

While the use of an evaporator may have been a convenient 
means of varying the pH content of the water, it is our opinion 
that there were influences other than pH which were brought into 
the picture, e.g., evaporator carry-over of solids and gases. 
Also, can we consider that it makes no difference whether or not 
the alkaline source is ammonia, ferrous hydroxide, or a solid like 
caustic soda? 

Reference is made to Mr. Luce’s work at Ohio State University, 
with Fig. 9 given as an illustration. While the statement is 
made that distilled water was used, the oxygen content was not 
mentioned. Since it is extremely difficult to obtain zero content 
of oxygen and other oxidizing influences, it is recommended that 
some statement be made about this. It would also be of interest 
to know about how the pH variation was obtained, and how the 
hydraulic conditions varied. Was only one point obtained at pH 
10 where a negligible ioss is shown? 

If Mr. Luce’s work is used as a criterion, it would appear that 
quite a number of plants in attempting to improve conditions 
have made them worse in maintaining the pH in the range of 8 to 
9. However, maintenance of a pH of 6 does not fit in well with 
the use of sodium sulphite to react with remanent oxygen in the 
feedwater. 


AUTHORS’ CLOSURE 


The work being done by the General Electric Company at the 
Boston Edison Company’s Mystic station should produce some 
worth-while information. Inasmuch as the tests are being made 
with wet steam instead of water, information on a new phase of 
metal wastage will be obtained. It is interesting that results of 
tests of 2 per cent chromium cast steel obtained at Mystic station 
are similar to those obtained at Marysville with water. Informa- 
tion to be obtained on corrosion-resistant metals sprayed over 
cast carbon steel also will be valuable. 

Experiences of the American Gas and Electric Company do not 
agree with the test results obtained at Marysville. The authors 
cannot explain this discrepancy. There is a possibility, however, 
that at 450 F corrosion-erosion might be much more severe than 
at 388 F, the maximum temperature used in the tests at Marys- 
ville. Because of the many variables involved, comparison of ex- 
periences On pumps operating on different feedwaters can be most 
misleading. 

At the Detroit Edison Company’s Connors Creek Plant where 
the feedwater temperature is approximately 250 F, severe corro- 
sion-erosion of the feed pumps occurred when the pH of the feed- 
water was about 8.5. In this case, at least, the relatively high pH 
apparently did not protect the pumps. 
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A few years ago the source of feedwater for the evaporators 
producing make-up for the Connors Creek plant was changed. 
The new supply is practically free from ammonia whereas the old 
supply contained an appreciable amount. This caused a lowering 
of the pH from about 8.5 to about 8. Unfortunately, a change to 
corrosion-resistant metals for pump repairs was made at about 
the same time. This made it impossible accurately to gage the 
effect of the pH change. Results indicate, however, that the 
rate of corrosion-erosion is no higher than it was previously, and 
perhaps lower. 

The experience of the American Gas and Electric Company in- 
dicates that the chromium alloys will give satisfactory service at 
temperatures 60 to 70 deg F higher than the test temperatures 
used at Marysville. This is a valuable supplement to the data 
submitted by the authors. 

Results of the test presented by Mr. Fairchild indicate that the 
salts present in feedwater may have a very profound effect on the 
rate of corrosion-erosion attack of metals. Previously it was com- 
monly believed that pH and dissolved oxygen were the most im- 
portant factors. If the concentration of sodium chloride in the 
tests at Marion and Hssex stations influenced the test results so 
greatly, it is conceivable that the presence of other salts may also 
greatly influence corrosion-erosion rates. This opens a whole new 
field the investigation of which would provide valuable informa- 
tion, particularly where salt water is used for condenser cooling. 

At Marysville the salt concentrations in the feedwater were 
very low and specific conductance records indicated that variations 
were small. Therefore it is doubtful if variations in concentra- 
tions from one test to another had much effect on the results ob- 
tained. Inasmuch as concentrations in many plants cannot be 
controlled closely, Mr. Godshall’s statement that “. . . pump ma- 
terials always should be selected for their ability to withstand any 
of the conditions likely to be encountered”’ is a good one. 

The filter about which Mr. Penniman inquired was placed in 
the circuit to remove suspended iron oxide from the feedwater 
used in the test. The filter element is made of a spool wound with 
cotton cord. The authors have found these filters to be quite ef- 
fective for this purpose in this and similar installations. 

The authors have no data nor have they seen any which would 
prove or disprove that one alkali is better than another for in- 
creasing the pH for corrosion prevention. The authors are in- 
clined to agree, however, that the means for varying this pH may 
be most important. 

The static pressure at the inlet to the test specimens was main- 
tained at 700 psi, and the outlet pressure was, correspondingly, 
400 psi. The saturation pressure corresponding to 388 F is about 
200 psi gage. It is the authors’ opinion that cavitation was not a 
factor under these conditions, which is supported by the fact that 
the type of metal wastage resulting from cavitation was not 
found. 

When referring to Mr. Luce’s work at Ohio State University, 
the authors neglected to state that it was done in aerated dis- 
tilled water. The type of corrosion-erosion equipment used by 
Mr. Luce, and the conditions under which his tests were made were 
so different from the tests conducted by the authors that no valid 
comparison can be drawn between them. The authors merely 
wished to point out that some evidence exists tending to support 


the unexpected increase in corrosion-erosion attack secured on in-’ 


creasing the pH. These results were reported solely to indicate 
that changes in the pH should be made with caution. 

The authors wish to express their appreciation to all those who 
submitted comments and discussion on the paper. 


The Forces and Moments in the Leg 
During Level Walking 


By B. BRESLER! ann J. P. FRANKEL? 


The mechanism of normal level walking is presented in 
this paper in terms of the displacements of and the force 
systems at the leg joints. The data on four normal sub- 
jects were obtained from simultaneous recording of the 
positions of the leg in space and the floor reactions during 
level walking. The mass moments of inertia of the lower 
extremity were determined experimentally and the effects 
of gravity and inertia were included in the analysis. The 
forces and moments are presented in terms of the space 
components referred to a system of horizontal and vertical 
orthogonal axes. 


INTRODUCTION 


S a locomotive mechanism the human body is extremely 
ee In order to perform the various operations of 
locomotion such as walking, running, climbing slopes and 
stairs, man has been provided with an articulating system of 
levers (the arms, torso, and legs) connected by ‘“‘superuniversal”’ 
joints (the shoulder, hip, knee, and ankle joints, for example). 
These levers are powered with a multitude of motor units (the 
muscle fibers) and operated by an elaborate network of controls 
(the nervous system). 

The human mechanism is one that operates in three dimen- 
sions—further complicating its analysis. It is true that the main 
effects of locomotion are evidenced in a single plane (the 
plane of progression), but this should not lead one to neglect 
the effect of lateral displacement on the mechanics of locomotion. 
This omission has been made by some previous investigators in 
order to simplify the mechanical aspects of the problem, but does 
not seem to be justified by the results of this investigation. 

Unlike the inanimate machines, one human body varies greatly 
from another in build (mass distribution), musculature (power 
supply), and mannerisms of motion (controlled by the nervous 
system). The effect of these variables on the displacement and 
forces involved in the locomotion process introduces an additional! 
complication into the analysis of the experimental data. 

Before attempting to correct any mechanical deficiencies in 
the human body, the surgeon, limb and bracemaker, and physio- 
therapist must be well-acquainted with the mechanical functions 
of the affected parts of the body. The techniques and scope of 
orthopedic treatment and surgery, limb and brace fitting, and the 
like are seriously limited by the force and displacement character- 
istics normally involved in the damaged or missing members. 
Recognizing the need for a scientific analysis of the mechanical 
functions of the legs in walking, the Advisory Committee on Arti- 
ficial Limbs of the National Research Council and the Veteran’s 
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Administration sponsored a research program of fundamental 
studies of locomotion at the University of California at Berkeley. 

In view of the range of variables involved in the mechanics of 
human locomotion, a complete analysis of the problem is not 
possible at this time. Various phases of this problem have al- 
ready been reported (1),* others are now under investigation at 
the University of California Artificial Limbs Research Project. 
The material presented herein is based upon the investigations 
carried out at the University of California, and will deal primarily 
with the force systems in and the displacements of the lower 
extremities during level walking of normal subjects. 


Historical BACKGROUND 


The present-day knowledge of the mechanism of locomotion is 
due to the contributions of many scientists. Only a few of these 
contributions will be mentioned here to introduce to the reader 
the state of present-day knowledge in this field. 

In 1836, Wilhelm and Eduard Weber (2) presented a theory of 
walking and running based on measurements on cadavers and 
tests on living bodies. From studies of pendulum motions of 
the leg in both living and anatomical specimens the brothers 
Weber reached the conclusion that leg motion during the swing- 
ing phase of gait, that is, the time when the leg is off the ground, 
is a pure pendulum motion and does not depend upon muscular 
action. The Weber pendulum theory gave rise to much discussion 
by subsequent investigators and was later repudiated by Fischer 
and others. The Weber book contains also a great deal of in- 
formation on other various aspects of gait, including a mathe- 
matical analysis of the data collected. In another publication 
Eduard Weber discusses some fundamental aspects of muscle 
physiology wherein the tension that a muscle can develop is com- 
pared to the shortening it undergoes. The importance of muscles 
as the prime movers of the articulating levers of the body focuses 
great attention on the work of Eduard Weber in this regard. 

E. J. Marey, Professor at the College of France, reported in 
1873, and on later dates (8, 4, 5, 6, 7) tests performed to deter- 
mine the locus of the center of pressure on the sole of the foot and 
the vertical displacement of the body during walking. In addi- 
tion, his computations of energy output during locomotion are 
worthy of mention in any bibliography however brief it may be. 
Marey’s greatest contribution to the study of locomotion is no 
doubt his development of chronophotography. Successive 
exposures were made on the same photographic plate by means of 
a rotating disk in front of the camera. The subject was dressed 
entirely in black on which brilliant metal buttons and shining 
bands were attached to represent joints and bony segments. 
The subject, illuminated by the sun, was photographed as he 
walked in front of a black screen. This method is known as 
geometric photography, since the pictures obtained show points 
and lines only. Variations of this method have been used in 
practically all subsequent investigations, including that reported 
herein. 

Otto Fischer, whose six volumes of research (8) were published 
from 1894 to 1904, is best-known for his studies on human gait. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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These were based upon chronophotographic studies similar to that 
employed by Marey but with some improvements. Fischer, a 
mathematician, in co-operation with Braune, an anatomist, made 
detailed studies (9) of the kinetic properties of the different seg- 
ments of the human body. To these men belongs the credit for 
the first rational scientific investigation of the problems in human 
locomotion; so detailed was their treatment of the subject that 
no later publication has superseded the works of Braune and 
Fischer and that of Fischer himself as the classical works on gait. 

In Moscow, in 1935, was published a comprehensive volume 
(10) on research in the biodynamics of locomotion performed by 
N. A. Bernstein and his associates. In this study the accuracy 
obtained by Fischer was questioned and techniques were de- 
veloped to improve on his accuracy. In all, the gait of 65 subjects 
was investigated. Many more photographs were taken of the 
subject during one complete cycle of walking. Further, the 
curves were not smoothed out, since Bernstein felt that the com- 
plexity of locomotion would preclude the smoothing out of any 
curves. Fischer’s data for locations of the centers of gravity of the 
various segments, their radii of gyration, and their relative mas- 
ses were used in this study. The experiments included investiga- 
tion of normal walking of men both carrying weights, and un- 
burdened, as well as an analysis of fatigue effects due to these 
conditions. Mention is made of a volume on the determination 
of the masses and centroids of the segments of the human body on 
live subjects, but at the time of this writing such information has 
not become available to the authors. Mention is made, however, 
of the fact that differences from Fischer’s data were found. 

Most recently, Elftman has reported in articles from 1934 to 
the present, investigations on locomotion including studies of the 
distribution of pressure in the human foot (11), the function of 
the arms in walking (12), the force exerted by the ground in 
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walking (13), the rotation of the body (14), the forces and energy 
changes in walking (15), the function of the muscles in locomo- 
tion (16), and the action of muscles in the body (17). 

Elftman has made a valuable contribution to the analysis of 
problems of locomotion even though he had a limited amount of 
experimental data at his disposal. Some of the results and con- 
clusions presented were based partly on Fischer’s classical ex- 
periments and partly on Elftman’s direct measurements. The 
present investigation of locomotion, considered as a three-dimen- 
sional process, was undertaken at the suggestion of Elftman, 


THEORETICAL ANALYSIS 


It has been felt by the authors that a knowledge of the positions 
of the joints of the lower part of the body and the internal force 
systems at these joints offer an adequate introductive description 
of the locomotive process of man.4 

Fig. 1 is a free-body diagram of the leg during the stance phase 
of walking, i.e., when the foot is in contact with the ground. The 
reference (co-ordinate) axes are taken with the origin at the 
center of the force plate (described in the next section), and are 
designated by the lower-case letters x, y, and z. Postive co- 
ordinates denote inward (with respect to the leg investigated), 
forward, and upward directions. To define the position of a par- 
ticular point of the leg, appropriate subscripts are used, e.g., 
Ta, Ya, and zy are the three space co-ordinates of the ankle joint. 
The following subscripts are used throughout the paper 


Patou A = ankle 

S = shank kK = knee 

T = thigh H = hip 

O = center of pressure on the foot 


The external forces acting on the body during walking are of 
only two types; (a) gravitational, due to the weights of the 
various parts of the body; and, (b) reactional, representing the 
ground forces acting on one or both feet. 

The gravitational forces are considered acting at the centers of 
gravity of the leg segments, and are denoted by W with an ap- 
propriate subscript. Thus W, denotes the weight of the foot, 
Ws denotes the weight of the shank of the leg, ete. 

The ground reactions on the foot are obtained experimentally 
from a force-plate record and are considered to be applied to the 
foot at the center of pressure, which is also defined by the force- 
plate record. As shown in Fig. 1, Xo, Yo, and Zp are the com- 
ponents of the ground reaction, and Mo, is the torque in the plane 
of the force plate between the foot and the plate. 

The internal forces acting at the leg joints are resolved into 
components parallel to the xyz reference axes and are denoted by 
X, Y, and Z, respectively. To define the force acting at a par- 
ticwar joint appropriate subscripts are used, e.g., Z4 denotes a 
vertical force at the ankle joint, Y4 denotes forward force at the 
ankle, etc. The sign convention used in the calculations of the 
joint forces is as follows: 


X = inward force with respect to part of leg below joint. 

Y = forward force with respect to part of leg below joint. 

Z = compressive force (acting downward on part of leg below 
joint. 


The internal moments acting at the leg joints are denoted by 
Ma, Mx, and My, at the ankle, knee, and hip, respectively. 
These moments are resolved into components about the xyz 
reference axes and are defined by appropriate subscripts, e.g., 
M4, denotes an internal moment at the ankle about the z-axis 
(a fore-and-aft moment), M4, denotes an internal moment at the 
ankle about the y-axis (inward-outward moment), etc. The sign 


4 A paper describing the energy and power aspects of locomotion 
is now in preparation. 
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convention used in the calculation of the internal moments is 
based upon the “screw” rule, the right-hand rule being used for 
the right leg, while, for the left leg, the left-hand rule is used, see 
Pigs: 

By considering a free-body diagram of the leg below a section 
cut at a joint, one may state the equations of motion for the 
free body in terms of forces and accelerations. Using D’Alem- 
bert’s principle of ‘‘equilibrium” of bodies in motion, the internal 
forces (or moments) at the joints can be expressed directly in 
terms of reaction forces (f), gravity forces (@), and “inertia 
forces” (J). Thus may be obtained the relations shown in Table 
1. This table shows the reaction, gravity, and inertia terms in 
summary form for all foree components at the joints of the leg. 
The symbols used in Table 1 and not previously explained are 
as follows: 

g = acceleration due to gravity 
#, j, 2 = components of linear accleration of centroid of 
segment 

@,, @, a, = components of angular acceleration of segment 

J,,J,, J, = mass moments of inertia of segment about three 

axes through its center of mass 
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human mechanism in walking a knowledge of the forces and mo- 
ments at the joints is essential. The determination of these forces 
and moments requires either measurement or calculation of the 
mass distribution of the leg, displacements and accelerations of 
the leg segments through one complete cycle, and the reactional 
forces of the ground on the foot. ‘ 
Mass Distribution of Leg. The mass distribution of the leg is 
defined in terms of the weight (or mass), the location of the center 
of mass, and the mass moment of inertia about the center of mass. 
To date no adequate method has been presented whereby the 
numerical values of mass and inertia can be measured accurately 
from living subjects.2 The most commonly used methods are 
the use of Fischer’s coefficients and the Weinbach graphical 
method (19). Braune and Fischer (8, 9) established coefficients 
for expressing the relative masses of the segments as compared 
to the body as a whole, and the position of centers of mass and 
radu of gyration of the segments as proportional parts of the 
length of the segment. Although Braune and Fischer worked on a 
few frozen corpses their results have been accepted and used in 
most subsequent investigations. According to Fischer, the weight 


5 A reference to a Russian publication dealing with this subject has 
come to the attention of the authors, but this is not available in the 
United States at this time. The reference is given in the Bibliography 
as item (18). 
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of a segment divided by the weight of the body is a constant 
Cy; the distance of the center of mass from the proximal joint 
divided by the length of a segment is a constant C2, and the radius 
of gyration of the segment about the mediolateral centroidal 
axis divided by the length of segment is also a constant (OR. 
Thus 
(a) Weight of segment = C; X weight of body 
(b) Distance from proximal joint to center of mass of segment 
= (, X length of segment 
(c) Radius of gyration, p, = Cs X length of segment; hence 
mass moment of inertia J, = mass of segment X 


(p,)? 


The method proposed by Weinbach is based on the assumption 
that any cross section of a segment is elliptical and that the 
density of the body is uniform throughout. The masses, the loca- 
tions of the centers of mass, and the radii of gyration of the 
leg segments may be determined by numerical or graphical in- 
tegration of data obtained from front and side-view photographs 
of the leg. This method, proposed by Weinbach, is so tedious that 
in view of the questionable assumptions of ellipticity and uniform 
density, it was deemed adequate for the purpose of this paper to 
use Fischer’s coefficients of location of centers of gravity, weights 
and masses, and the radii of gyration. 

Calculations for the mass, centroid Jocation, and moment of 
inertia of the combined shank and foot of one normal subject 
were made using both Fischer’s and Weinbach’s methods. All 
values as determined by Weinbach’s methods were less than those 
by Fischer’s method by about 10 per cent of the latter. 

In the case of the location of the center of mass of the foot, 
Fischer’s laborious graphical construction was replaced by an 
arbitrary coefficient. Table 2 shows the coefficients used in the 
calculations. 


TABLE 2 ASSUMED COEFFICIENTS 

Member C1 Cz C3 
Bodyeoesse = 1.0000 : A 
BRAY ori ese nchesene 0.1158 0.44 0.31 
Dhankae aes 0.0527 0.42 0.25 
Foot 0.0179 0.35 0.30 


In order to check the accuracy of the coefficients listed in 
Table 2, a simple experiment was performed at the University of 
California. 

A subject was seated so that one leg was supported only by a 
chair, as in Fig. 2. A cable connected to a proving ring was at- 
tached to the ankle. Mounted on the same ankle was an elec- 
trical accelerometer. The subject, by extending his knee joint, 
created a tension in the cable which was measured by the proving 
ring and a recording oscillograph. The moment of this force 
about the knee was thus determinable from the recorded force and 
the known distance of the cable from the knee joint. The cable 
was then cut, with the result that the shank and foot swung up- 
ward rapidly, The acceleration of the ankle was recorded on an 
oscillograph actuated by the accelerometer, and the angular 
acceleration of the foot and shank about the knee computed. 

By assuming that the knee moment (M/) supplied by the mus- 
culature was equal to the external moment before the cable was 
cut, the moment of inertia of the foot and shank about the knee 
J,’ was computed from the relationship 


M 


a 


ee 


x 
x 


The results of the experiments on three subjects are presented 
in Table 3. 


The fair agreement between the theoretical and experimental 
values shown in Table 3, together with the small effect of inertia 
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MomeEntT OF INERTIA DETERMINATION 
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(see “Results”’), would seem to indicate that use of the coefficients 
shown in Table 2 is sufficiently accurate for purposes of com- 
parison of several subjects. 


TABLE 3 COMPARISON OF EXPERIMENTAL AND THEORETI- 
CAL VALUES OF MOMENT OF INERTIA OF LOWER LEG PLUS 
SHOE, ABOUT KNEE 
Theoretical Jx’ 


Experimental Jz’, (from Table 2), 
Subject slug-ft? slug-ft® 
1 0.28 0.274 
2 0.20 0.265 
3 0.24 0.258 


Displacements and Accelerations. Several methods of defining 
the displacements, velocities, and accelerations of the joints of the 
leg were tried. The chronophotographic method of Marey, as 
improved by Fischer, was improved stil] further by substituting 
continuously lighted opthalmoscope bulbs at significant points on 
the leg, and taking all pictures in a darkened room. By exposing 
the film to the lights 30 times each second, a photograph containing 
many points of light was obtained With the application of a 
suitable scale factor the co-ordinates of the lighted joints could be 
plotted, and graphic or arithmetic methods used to calculate 
velocities and accelerations. This method was useful only for the 
side view of the walking operation, since there was no gradual 
displacement of the body when viewed from the front to preclude 
overlapping of the point images on the film. In addition, the 
allowable magnification of the film was too limited to allow of 
accurate convenient reduction of the data. 

For these reasons 35-mm motion-picture photography taken at 
40 frames per sec from the front and side, while the subject was 
walking over a force plate, was used to obtain joint displacements. 
Targets were placed as close as possible to the most probable 
Jocations of the centers of the joints at the toe, ankle, knee, and 
hip of the leg nearest the side camera. Fig. 3 shows the positions 
of these targets. The use of targets taped to the skin involves 
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several limitations, namely, the movement of the skin over the 
bone causes some slight error in location, and due to the definite 
thickness of the limbs, the front and side targets will not be at the 
same elevation when the member, is inclined. Since the elevation 
in the frontal view figures in the determination of lateral move- 
ment, while that in the lateral view determines the fore-and-aft 
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moment, small discrepancies will exist in a comparison of the two 
components of moment. The resulting film was projected to 
about one-half actual size and the co-ordinates plotted to a con- 
venient scale. The origin of co-ordinates was taken as the center 
of the wearing surface of the force plate; the co-ordinate axes 
were z, positive upward; x, positive inward; and y, positive 
forward. Figs. 4 to 6, inclusive, show the displacements of the leg 
joints as obtained from the motion-picture records. 

The x, y, z-components of the linear accelerations of the 
joints were obtained by differentiating twice the curves of the joint 
displacements with respect to time. In view of the accuracy 
of the motion-picture data, it was found that graphical differentia- 
tion was the best and quickest method and hence was used for 
determining accelerations. 

The co-ordinates of the center of mass of each segment were 
obtained on the basis of the coefficients given by means of simple 
equations, for example (referring to Fig. 1 and Table 2) 


ty = Xx + 0.42 (m4 — re) = 0.58% + 0.420, 


where 
rg = xr-co-ordinate of shank center of mass 
2, = x-co-ordinate of knee joint 
L4 = x-co-ordinate of ankle joint 


The linear accelerations of the center of mass of each segment 
were obtained in a similar manner, using the same form as the 
equations for center-of-mass location, but substituting accelera- 
tions for displacements in the foregoing equation. 

In order to facilitate the calculations of the location of center 
of mass and corresponding linear accelerations simple nomograms 


were used. 
The ay and ay components of the angular accelerations of sach 
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segment were calculated from the linear accelerations of the two 
end points of the respective segment, as follows: 

The tangential component of the relative acceleration of the 
upper joint with respect to the lower joint of a particular leg 
segment is equal to the product of the distance between the joints 
and the angular acceleration of the segment. The sign convention 
for the angular acceleration is the same “screw” rule conven- 
tion as used for the moments. 
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The effect of the angular acceleration about the z-axis on the 
moments about the z-axis is very small, and hence was neglected 
in the calculations. Further, the angular accelerations about the 
z-axis could not be computed without the aid of measurements of 
the twists of the segments (21). 

Reaction Forces. The reaction forces on the foot were measured 
on a force plate designed and manufactured under the supervision 
of Don M. Cunningham at the Artificial Limbs Research 
Project of the University of California. The lack of moving 
parts, and the recording of all measurements on an oscillograph 
tape made this force plate ideal for the problem at hand. The 
force plate determined the location of the center of pressure, the 
torque about z-axis, and the vertical and horizontal forces applied 
to the foot. A paper dealing with the details of the equipment 
and experimental procedures is now in preparation. 

Data Reduction. The computations were set up in a tabular 
form but, nevertheless, constituted long and tedious procedure. 
The extent of the work involved in calculating the quantities for 
only one stride is indicated by the fact that approximately 14,000 
numerical calculations were performed, 72 curves were plotted, 
and 24 curves were subjected to graphic differentiation. This 
work required approximately 500 man-hours at first but due to 
increased experience of the reduction personnel the computations 
for the fourth subject were completed in 250 man-hours. 


RESULTS 


Displacements. While the subject is walking forward in a re- 
laxed automatic manner, various segments of the body undergo 
displacements during different phases of a stride. The integrated 
result of these displacements is a stable, uniform, and mechanically 
efficient process of locomotion. Some displacements have a defi- 
nite function in the process of locomotion—such as stabilizing 
the body during support on one foot, improving efficiency of 
muscle action, ete. Other displacements have no definite ap- 
parent function. A complete description of the kinematics of 
human locomotion will not be given here, since it is not necessary 
for analysis of the force system in locomotion. A few brief re- 
marks about the displacement data used for force calculations 
are, however, in order. 

Figs. 4, 5, and 6 show the components of the linear joint dis- 
placement of one subject in graphical form. <A typical stride 
shown in these figures consists of a complete cycle of stance (foot 
in contact with the ground) and swing (foot off the ground) 
starting at heel strike of the left foot and ending at the next heel 
strike of the same foot. This cycle takes 1.18 sec, during which 
the subject moves forward through a distance of 5 ft. 

It is apparent from examination of Fig. 4 that the hip moves 
through 5 ft at about a uniform rate during the entire cycle, while 
the toe and the ankle move through 5 ft only during 0.4 sec of the 
swing phase; thus the foot and ankle have larger accelerations 
than the hip. 

Fig. 5 shows the vertical displacements of the leg joints. The 
rapid toe descent following heel strike, and the toe pickup during 
the swing phase are clearly apparent. The ankle starts rising just 
preceding toe-off, and starts descending just after toe-off. Little 
vertical motion takes place at the knee. The hip joint has a dis- 
placement pattern which is typical of joints lying closely to the 
torso: it has a period half that of the complete stride—the hip 
rises and falls twice during one complete stride. 

The mediolateral displacements of the leg joints are shown in 
Fig. 6. These displacements are of relatively small magnitude 
but are of great importance for the stability of the body during 
normal walking. As the weight is transferred from one leg to the 
other, the body shifts toward the weight-bearing side. The 
lateral displacements of the hip joint, shown in Fig. 6, clearly 
indicate this motion. These data exhibited a large amount of 
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scatter and the smooth curves representing joint-displacement 
variation are the best approximations. While the forward and 
vertical displacement patterns, shown in Figs. 4 and 5, are also 
represented by smooth curves, the amount of scatter for these 
data are definitely negligible. In comparing the character of data 
in Figs. 4, 5, and 6, however, it must be remembered that the 
displacement scales in these figures vary a great deal. The rela- 
tive scales of the displacements are 20:4:1 for the forward, 
vertical, and lateral movements; thus any inaccuracy in the 
lateral-displacement data is much exaggerated. 

It must be emphasized that locomotion involves a very sensi- 
tive balance on one foot—it has been previously described as a 
continuous process of fall and recovery—and therefore small dis- 
placements from the position of unstable equilibrium are to be 
expected. The stability of locomotion is preserved by muscle 
actions (controlled by nerve impulses) which tend to return the 
body to the equilibrium position. This results in minute jerkiness 
of motion which is not ordinarily apparent, but contributes to the 
scatter of the data. This “jerky’’ characteristic of locomotion is 
not reproducible, and the small deviations from the smooth proc- 
ess vary in each step even for the same subject. Since the pur- 
pose of this analysis is to consider the forces and displacements 
involved in a general reproducible pattern of locomotion, it was 
considered that smoothing out the displacement curves was 
justified. 

Forces and Moments. The results of the computation of the 
forces and moments at the joints of the same subject are plotted 
in Figs. 7 and 8. To correlate the variation of the forces and 
moments with the position of the leg in space, the time of heel 
strike, toe strike, heel-off, toe-off, and the heel strike of the next 
stride are shown in the figures. 

In order to obtain the over-all system of forces acting on the 
body, the forces acting on both legs must be considered. The 
total force on the body can be obtained by superposition of two 
curves, adjusting the time of beginning of each curve to corre- 
spond to the proper phase sequence of motion. This places the 
heel strike of the opposite leg little less than halfway between heel- 
off and toe-off of the given leg. (An accurate analysis of the 
forces acting on the body has been carried out at the University 
of California using data from two force plates. This analysis has 
not been included here). 

The X-(lateral) components of joint forces shown in Fig. 7 
have very small magnitudes. These forces are important, how- 
ever, in providing the lateral stability in walking and contribute a 
large share of the lateral hip moment (1/;,,). As the body weight 
is shifted from one leg to the other the lateral force must be 
directed inward with respect to the body (negative X;,), in order 
to prevent the subject from falling sidewise. The magnitude of 
this force will depend largely upon the amount of lateral hip 
motion. 

The Y-(fore-and-aft) components of joint forces shown in 
Fig. 7 have a typical shape approximating a full sine wave during 
the stance phase. During swing phase, the Y-forces are small and 
their variations are somewhat irregular. With the sign conven- 
tion adopted in this analysis, a positive Y-force indicates an ex- 
ternal force tending to retard the forward motion of the body. 
Thus it is apparent that the variation in Y-component of the 
force on the leg is due to the fact that upon heel strike the leg 
first must retard the forward motion of the body, and then a 
fraction of a second later must provide the ‘“‘push-off” or forward 
acceleration necessary to continue the motion. 

The Z-(vertical) components of joint forces shown in Fig. 7 
have a typical double-peak shape; this is due to vertical upward 
and downward accelerations of the body. The difference between 
the vertical component of floor reaction Zo (very nearly equal to 
Z,4), and the body weight is proportional to the vertical accelera- 


BRESLER, FRANKEL—THE FORCES AND MOMENTS IN THE LEG DURING LEVEL WALKING 33 


tion of the body. The first peak occurs shortly after heel strike, 
when the body rolls over the supporting leg, and the other peak 
occurs when the leg ‘‘pushes”’ the body up just before the other leg 
strikes the floor. 

The differences between the forces at the ankle, knee, and hip 
joints indicate the effect of gravity and inertia at these joints. 
Thus the maximum vertical compressive force occurs at the ankle 
joint, while at the hip joint this force is reduced by the gravity and 
inertia effects of the shank and thigh. The variation in the X- 
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and Y-components of forces at the ankle, knee, and hip joints are 
due to inertia effects only, since gravity does not affect these 
components. 

The X-component of moment shown at the top of Fig. 8 is 
that component tending to extend or flex the foot. From the 
adopted sign convention, a positive X-moment would be produced 
by the resultant force passing in front of the joint. Thus the 
negative X-moment occurring just after heel strike indicates that 
the resultant force passes behind the ankle at this time, when the 
toe is still being lowered. When the foot is flat the load shifts 
so as to pass ahead of the ankle, yielding positive moment which 
increases rapidly, reaching a maximum value at the time the 
subject pushes off on the foot. It is to be expected that the 
magnitude and timing of the negative moment, occurring when 
the foot is being lowered, would be a definite aid in diagnosis of 
such pathological conditions, as, for example, tabes dorsalis where 
the foot is allowed to slap down, possibly registering less negative 
moment over a shorter time than normal. 

The X-component of the knee moment registers quite clearly a 
phenomenon of gait found in nearly all normal subjects to date. 
The sign of this component of the knee moment is such that, 
when negative, the resultant force passes behind the knee, tending 
to flex it (and therefore render it unstable), while a positive 
moment indicates that the knee is being moved into or held in a 
“locked” position (stable). Thus, from the curve, one may con- 
clude that at heel strike the leg is quickly stabilized, then un- 
locked; and once again locked for the push-off phase of the step. 
This “double-locking” action permits the subject to move forward 
with a minimum raising of his center of gravity, and therefore 
with less expenditure of work. 

The location of the resultant of the forces at the hip, as partially 
indicated by the sign and magnitude of the X-component of the 
hip moment, serves to demonstrate the precept of continual rota- 
tion of the body pointed out so clearly by Elftman (14). The 
initial positive moment at the hip indicates that the forward 
rotation of the torso is being retarded, while the later change to 
negative moment indicates the renewal of forward torso rota- 
tion. 

The lateral components of moment reflect the requirements of 
bipedal walking on the joints of the leg. In shifting from leg to 
leg, the torso is shoved first one way then the other, and moments 
somewhat proportional to the elevation of the joint above the 
ground are recorded. This points out the relatively large magni- 
tude of the Y-(lateral) component of moment at the hip, a factor 
beyond the analysis of investigations which have their attention 
confined to the plane of progression. 

The Z-components of moment reflect the positioning of the 
shears in the leg, and therefore may be associated largely with 
the twist of the body as well as that of the segments of the leg. 
Of interest is the fact that the results of pin studies (21) on twist 
of the segments agree quite consistently in phasic nature with the 
M,-curves in Fig. 8. 

Fig. 9 illustrates the significance of inertial and gravitational 
effects on the fore-and-aft moments at the ankle, knee, and hip. 
The contributions of reactions to these moments at the ankle, 
knee, and hip are compared to the total computed moments, so 
that the difference in ordinate between the total moment and the 
reactional moment represents the effect of gravity and inertia of 
the segments below the indicated joint. It is apparent from Fig. 
9 that the effect of gravity and inertia on fore-and-aft moments 
is very small for the ankle and knee moments, and relatively 
small on the hip moments throughout most of the stance phase. 

Since the computations of the moments about the joints due to 
these effects are the bulk of the calculations, a rapid first ap- 
proximation to the magnitudes of moment and force may be made 
by considering only the moment due to the floor reactions. In 
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the case of the hip, however, considerable error may be introduced 
in such an approximation. 

To serve as an indication of the general value of the results for 
one subject, comparisons of several characteristic joint forces and 
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moments, computed for four subjects, are shown in Figs. 10 to 
14, inclusive. The values plotted are the vertical force at the 
ankle (Fig. 10), fore-and-aft moments at the ankle, knee, and hip 
(Figs. 11, 12, and 13), and lateral moments at the hip (Fig. 14). 
These curves were selected as the most important ones, particularly 
from the point of view of magnitude. In these figures the time 
scale is plotted as per cent of the time for one complete stride, in 
order that the phasic activity of the four subjects can be most 
closely compared. 

The examination of the comparison curves for four subjects 
illustrates the degree of variation between the individual sub- 
jects. Notwithstanding the large variations in magnitudes of the 
peak values and their phases relative to heel strike, the general 
patterns of the curves discussed with reference to Figs. 7 and 8 
are apparent. 

The curves shown are but one way of plotting the results of the 
calculations. If one chooses to ignore the inertial effects and the 
weight of the segments of the leg, a very convenient method of 
representing the results would be that employed by Elftman and 
his co-workers at New York University. This consists in plotting 
the positions of the segments in space as lines, and showing the 
accompanying floor reactions as vectors with the proper magni- 
tude, direction, and point of application. By prolonging the line 
of action of this force vector, one may note by inspection the 
orientation of the joints of the leg with respect to the line of action 
of the ground force. One of the limitations of this method is that 
the walking cycle must be broken into many small intervals if one 
is to obtain a reasonable picture of the gait of the individual—a 
procedure of dubious economy, compared to the instantaneous 
indications of such curves as are presented herein. 

No study of the mechanics of locomotion would be complete 
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without the mention of the bone forces. Only the muscles at a 
joint.can provide the moments, and since they act only in tension, 
the resultant force at a joint at the times when moment is evi- 
denced can be compressive only if the bone forces are very high 
compressions themselves. Since muscles may also act to op- 
pose each other at a joint so that there is no resultant mo- 
ment, high compressive bone forces may be expected at times 
when there is no moment. It is not unreasonable to expect 
that at such times as push-off the bone forces may easily 
exceed twice the body weight. Inman (20) has investigated 
forces acting on the femur at the hip joint under several static 
conditions. He found that under these conditions the force on the 
femoral head is 2.4 to 2.6 times as great as the body weight, while 
the tension in the abductor muscles is 1.4 to 1.9 times the body 
weight. The magnitudes of the lateral hip moment used in 
Inman’s investigation approach closely the peak values compute ? 
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during level walking, and hence his results are indicative of 
forces acting at the hip joint during normal locomotion. Elftman 
(15) has made some computations of this nature, using such 
simplifying assumptions as the moment arms of the different 
muscles, and their time of action. Auxiliary studies of phasic 
activity of the muscles have shown, however, that any such 
calculations at’ this time would be, at best, first approximations. 

It is apparent from the foregoing discussion that the variations 
of forces and moments in the leg joints are closely related to the 
mechanical functions of the leg in walking. These relationships, 
in addition to the studies of energy of human locomotion, in- 
vestigations of the activity of different muscles of the leg, and 
the anatomical studies of leg-joint mechanisms (1) are necessary 
in order to solve the problems confronting the orthopedic surgeon 
and the designer of artificial legs and braces. 
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Report on Graphitization Studies on 
High-Temperature Welded Piping of 
The Philadelphia Electric Company 


By J. B. ABELE! ann A. E. WHITE? 


Summaries of the- work which has been done by and 
for the Philadelphia Electric Company in ascertaining 
the degree of graphitization in the piping system in the 
Chester, Schuylkill, and Richmond Stations since the fall 
of 1946, are reported in this paper. The results of a full- 
size pipe tension test on a graphitized weld section are re- 
ported. Solution treatment for removal of graphitization 
is described with some physical test results. 


SECTION 1 By J. B. ABELE 


HIS report is a supplement to one presented in 1946, by 
Hopping and White,* and gives results of further studies 
and investigations covering a period of approximately 2 
years. The conclusions of the previous report, based upon the 


- work done up to that time, led to a decision to continue the use of 


the pipe, and periodically to examine the welds further as a means 
of comparison and determination of increases, if any, in the for- 
mation of graphite. Such findings were to be used as a basis for a 
decision either to continue the use of the piping in its existing con- 
dition or to take appropriate steps to remedy this condition. The 
piping under investigation was as follows: 

Chester Station. Operating since 1941 at a pressure of 1250 psi 
and 925 F; carbon-moly pipe, killed with !/: Ib of aluminum per 
ton of steel. 

Schuylkill Station. Operating since 1938 at a pressure of 1250 
psi and 900 F; carbon-moly pipe, killed with 1.8 lb of aluminum 
per ton of steel. 

Richmond Station. Operating since July, 1948, at a pressure 
of 400 psi and 850 F; carbon-steel pipe. From 1935 to July, 1948, 
the operating temperature was 875 F with occasional swings to 
900 F. 


OPERATING RESULTS AT CHESTER AND SCHUYLKILL 
STATION 


Since the previous report, samples have been removed from all 
three stations for investigation. 

At Chester Station, where approximately 20,000 service-hours 
have been added since the previous report, no appreciable amount 
of graphite has formed on either side of the welds in the heat- 
affected zones or in the pipe metal. Previous examinations of 


1 Senior Engineer, Philadelphia Electric Company, Philadelphia, 
Pa. : ; 
2 Director of Engineering Research Institute, University of Michi- 
gan, Ann Arbor, Mich. Fellow ASME. 

3 “Report on Graphitization Studies in High-Temperature Welded 
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samples from the same welds showed no graphite in either the 
heat-affected zones or the pipe metal. Samples, however, have 
been removed from other welds where small amounts of nodular 
graphite were found. The conclusion, therefore, up to the present 
time and after 50,000 hr of service, is that very little graphite will 
form in the welds at Chester Station; however, occasional check 
examinations will be made in the future. 

At Schuylkill Station the situation is somewhat different. 
Since the previous report, additional samples have been removed. 
They were taken from welds previously sampled and represent an 
additional 25,000 hr of service. In two of the samples examined, 
the amount-of graphite in the heat-affected zones appeared to be 
somewhat greater and more continuous than was found in 
samples previously examined from the same welds. In another 
sample, the graphite did not appear to be quite as severe as that 
found in the sample previously examined from the same weld. 
In view of these findings, it is intended to remove completely one 
of these welds for mechanical tests, since metallographic examina- 
tion does not give a quantitative measure of the degree of deterio- 
ration of the properties due to the presence of graphite. 

The indicated increase in severity of graphite may be evidence 
of increased graphitization since the last examination, but this is 
not conclusive because previous work has shown that the amount 
of graphite varies considerably around the circumference of the 
weld. It can be stated, however, that the added graphite, if any, 
is quite small for the added service period of approximately 25,000 
hr. At present, therefore, it is believed that, while there are 
indications of a slight increase in graphite in the welds at Schuy]- 
kill Station, it has not progressed to a point where continued use 
of the pipe in its present condition would be unwise. The results 
of future examinations will determine the action to be taken at 
Schuylkill Station. 

It is thought that the small amount of aluminum used in killing 
the steel for the piping at Chester Station, as contrasted with the 
larger amount used for the Schuylkill Station piping, is the reason 
for the difference in the amount of graphite found in the welds at 
the two stations. 


Derarts or TEsts at RicHMOND STATION 


At Richmond Station a full section of 20-in-OD carbon-steel 
pipe was removed for a tension test. The section was approxi- 
mately 3 ft long with a weld in the center and was tested on the 
4,000,000-lb tension testing machine at the shops of the American 
Bridge Company, Ambridge, Pa. Fig. 1 shows the specimen be- 
fore testing. It consisted of the section of pipe, two internally 
tapered transition rings, and two massive pulling heads. Twelve 
Baldwin Southwark SR-4 strain gages were used to measure 
strain. Four gages were placed on the weld, 90 deg apart and 4 
gages were placed on the pipe 90 deg apart on each side of the 
weld. 

The cross-sectional dimensions of the pipe, the data developed 
from the test loading and the strains measured with the SR-4 
gages are given in Table 1. Yielding of the steel in the pipe metal 
on one side of the weld occurred at a load of 1,200,000 Ib, which is 
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Fic. 1 Specimen Brrore TEstine 


ELECTRIC COMPANY 


Outside diameter of yipe 20.00 in. Nominal 
Inside diameter of pipe 18.188 in.Bominal 
Wall thickness -906 in.Nominal 


Cross-sectional area of pipe 54.35 sq.in. Hominal 


Strains Measured with SR-4Gauges (Micro-inches per inch) 


Gauges on Weld Gauges on Pipe 


° (o) (e) to) () (0) (a) fo) fe) () 
250 000 4 600 73 51 go 64 108 89 90 Th 102 95 143 90 
500 000 9 200 206 118 213 160 2835 211 258 253 246 262 305 189 
1 000 000 18 400 483 251 460 412 616 491 583 501 579 578 687 470 
1 200 000 22 080 Yield point in weld - - - - Yield point in south half 
1 250 000 23 000 636 339 594 532 TTS 641 766 581 763 TOT es 139 600 
1 500 000 2T 600 948 571 811 717 765 818 988 vik Wont 5) 5'99/ * 1 061 
1 750 000 32 200 1 761 92h 1463 1 2 970 py fe ah als} 881 * * * 
- = -- - Yield point in north half 
2 000 000 36 800 2 7N6 1496 92561) 25529 2 19 Waki 352) 102 
2 250 000 41 hoo 8 085 3 550 * * * 1 443 * 1 486 
2 345 000 46 830 Pipe fractured at heat affected zone along south side of weld. 


* Gage yielding or fractured. 


TABLE 2 ELONGATION MEASUREMENTS FOR WELDED JOINT IN 20-IN. PIPE FOR PHILADELPHIA ELECTRIC 


COMPANYe 


Gauge Lines Northerly Half 


2 


Length before test 


Length after test ft) 1.041 1.045 - 
Blongation after ( bese 040 085 - 
fracture 


« Fracture was outside both sets of gage lines. 


DIMENSIONS, TEST LOADING, AND MEASURED STRAINS FOR WELDED JOINT IN’ 20-IN. PIPE FOR PHILADELPHIA 
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equivalent to a stress of 22,080 psi. The strains measured by the 
SR-4 strain gages on the weld indicate that the weld metal also 
yielded at this load which is equivalent to a stress of about 19,280 
psi in the weld metal. The yielding of the steel in the pipe metal 
on the other side of the weld occurred at a load of 1,750,000 Ib 
which is equivalent to a stress of 32,200 psi. The elongation meas- 
urements are listed in Table 2. It is to be noted that neither set 
of measurements listed in Table 2 encompass the fracture of the 
specimen. 

The fracture occurred in the weld-heat-affected zone and had 
three zones of distinctly different appearance; an outer zone of 
black and gray conchoidal fracture which is identified as graphi- 
tized steel extending in varying widths all around the fracture; a 
zone Of a dark fine granular fracture extending around one- 
quarter of the pipe; and an inner zone, the largest, of a normal- 
appearing white fine granular fracture. Fig. 2 is a general view of 
the fracture, and Figs. 3 and 4 are detail views of a portion of the 
fracture. 

From Table 1 it will be noted that the specimen broke in the 
weld at a load of 2,545,000 lb, equivalent to a fiber stress of 46,830 
psi. The original tensile strength of the steel as reported by the 
mill was 70,900 psi. Probably half of the reduction in strength is 
due to the annealing effect from a service of 92,000 hr at tempera- 
tures ranging from 850 to 875 F, with occasional swings to 900 F. 
The balance of the reduction to 46,830 psi is due, without doubt, 
to graphitization. While a stress of 46,830 psi provides an ample 
factor of safety in a sound weld, resistance to thermal shock is of 
great importance and provision for this in a weld of this kind is 
none too good. 

The appearance and nature of this fracture led to a decision to 
correct the condition at the earliest convenient time. Considera- 
tion was given to replacement of all the affected piping. An in- 
vestigation, however, of the steel a short distance from the welds 
showed that the mechanical properties and the structure of the 
steel had not been unduly impaired, although the tensile strength 
had dropped to about 54,000 psi through normal service con- 
ditions but with no loss in ductility. It seemed inadvisable 
therefore to remove the pipe, and consideration was given to the 
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replacement of the welds or to a solution treatment of the welds to 
disperse the graphite. 

Earlier work in normalizing at 1700 F at the University of 
Michigan together with more recent work at the same institution 
convinced us that this method offered a possible effective means of 
restoring graphitized welds. 


SoLuTion TREATMENT TO DISPERSE GRAPHITE 


Investigation by A. E. White at the University of Michigan, 
discussed later on, disclosed the fact that solution treatment, 
followed by proper stress relief placed the graphitized metal in a 
safe state of strength and ductility. Therefore, it was decided to 
repair the pipe by this method rather than replace the welds. The 
latter method would require more time and involve greater 
cost. 

A careful investigation of the practical application of solution 
treatment of welds in the field also indicated that the work could 
be speedily and successfully done. 

The procedure finally agreed upon was as follows: Heat to 
1700 F at a rate not to exceed 300 deg per hr from 1000 F to 1700 
F. Hold at 1700 F for 2 hr. Control cooling from 1700 F to 1200 
F at a rate not to exceed 100 deg per hr. Allow to cool, uncon- 
trolled, from 1200 F to approximately 700 F. Stress-relieve by 
raising temperature to 1275 F at a rate of 400 deg per hr. Hold at 
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Heating ARRANGEMENT ON EXPERIMENTAL Prince 


Fig. 6 


1275 F for 1 hr per in. of thickness. Cool to 700 F at a rate of 200 
deg per hr. Allow to cool uncontrolled from 700 F., 

A method of electronic heating was discussed with the engineers 
of the Radio Corporation of America. This method, however, 
was not practical because of the mass of metal involved. Caleula- 
tions indicated that approximately 40 kw of radio-frequency 
power would be required to maintain a band 6 in. wide at 1700 F 
in the 20-in-OD pipe. While it is true that their 75-kw gen- 
erator would produce enough heat to perform the normalizing 
treatment, it was felt that the portability and the relatively great 
expense of the equipment made its use impractical. 

Heating with gas was considered, but this too was thought to be 
impractical since it was felt that it would be difficult to maintain a 
uniform heat around the entire circumference unless an oven or 
muffle was built around the pipe. Because of insufficient clear- 
ances and other interferences in many cases, such a muffle could 
not be used. 

Induction Method of Heating Pipe. It was finally decided that 
the induction method was the most logical one to use and, ac- 
cordingly, experimental tests were run on a short length of 20- 
in-OD pipe. Because of the extreme temperature and high am- 
perage required, water-cooled coils were used. 

Twelve turns of /s-in-OD 0.035-in-wall copper tubing were 
used on each side of the welded joint (24 turns total). The turns 
were arranged so that the cooling water was discharged and fresh 
water was admitted for each 3 turns around the pipe. Four 60- 
kva stress-relieving transformers were used, making a total of 240 
kva available. They were connected, two in series, to each heat- 
ing coil with a separate control cabinet for each set of transformers. 
A water relay was used with each cabinet to shut the power off 
automatically in case the cooling-water supply failed. The leads 
between the transformers and heating coils were made up of 
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four welding leads in parallel 100 ft long. Fig. 5 shows the setup 
on the experimental piece. 

Experiments were also conducted in an effort to determine 
whether or not scale formation could be prevented or at least 
minimized. The amounts of scale formed were compared for (1) 
open-ended pipe with a free circulation of air, (2) dead air by 
blanking each end of the pipe, and (3) by the use of inhibitors 
such as helium, nitrogen, and CO:. While the amount of scale 
varied between methods, the total in no case was considered great 
enough to warrant the use of any of the special methods; the con- 
clusion being that there would be no more scale than is found 
in the welded joints of a new installation. 

Formulating the Solution Treatment. In formulating a program 
for the solution treatment of the welds at Richmond Station, it 
was decided to remove additional boat samples from welds repre- 
senting the various materials and combinations of materials. 
Samples were removed from pipe to pipe joints both in the 16-in. 
and 20-in. seamless pipe, and from pipe to pipe joints as well as 
from longitudinal welds in the 24-in. fabricated pipe. While 
graphite was found in the 16-in. and 20-in. welds, no graphite was 
found in the 24-in. fabricated piping, due, we believe, to the high 
silicon content of the plate material. 

In passing, it will be of interest to note that a gas shop weld in 
the 20-in. pipe was examined and no graphite or other detrimental 
structural alterations were found in it. It would be unwise, how- 
ever, to draw too general conclusions from the examination of a 
single weld. 

Material for the castings for the gate and nonreturn valves 
contained approximately 1.00 per cent nickel, 0.70 per cent 
chrome and 0.50 per cent molybdenum. No samples were re- 
moved from the welds at these valves since it was reasonable to 
assume that little or no graphite exists on the valve side because 
of their high chromium content. Also, these welds were to be 
safeguarded by a solution treatment. 

Valve Tests. It was feared that some valve distortion might 
occur with the 1700 F temperature heat, making it necessary to 
repair or reseat the valves; therefore, temperature measurements 
were taken in the castings to provide data for future temperature 
applications to valve welds. The nonreturn valves are Schutte 
& Koerting 16-in. double inlet, 20-in. single outlet. Thermo- 
couples placed on the body at the center of the valves during 
solution treatment of the weld on the 20-in-diam outlet, which 
was 28 in. away from the center line of the weld, indicated a tem- 
perature of approximately 575 F. Removal of the bonnets of 
these valves after solution treatment and an examination of the 
trim, and a subsequent pressure test, showed that there had been 
no distortion of the seating surfaces. Similarly, thermocouples 
placed on the body of the 20-in. gate valves, 12 in. from the weld 
showed a temperature of 800 F. It is evident, therefore, that a 
temperature of 1700 F at the welding ends of valves of comparable 
size will not affect the trim of valves adversely. 

Some thought was given to adequate bracing of the piping 
during solution treatment because of the plastic condition of the 
weld metal and of possible strain in the piping. It was finally 
decided that no elaborate means of bracing need be used, a de- 
cision which proved to be correct. 

Electrical Energy for Solution Treatment. Electrical energy for 
the solution treatment at Richmond Station was delivered 
through a 600-kva temporary power bank, installed to provide 
440-volt 3-phase power from the 2300-volt bus. Temporary 
feeders were installed to the distribution center located in the 
vicinity of the work to be performed. The stress-relieving trans- 
formers were placed at a central location and connected to the 
distribution center in such a manner that all transformers on any 
one joint were all on the same phase. The data in Table 3 show 
the requirements for heat-treatment. 
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TABLE 3 HEAT-TREATMENT DATA 


Actual kva required to normalize 20-in. pipe......... 175 
Average primary voltage required...............00. 445-450 
Average secondary voltage required at pipe.......... 62-65 
Average secondary voltage required at transformer... 70-72 
Average secondary amperage...... 0... 0.0 cece 1100-1200 
Water flow through 1 coil (3 turns), gpm, approx.. 1-3/4 
Water flow through 8 coils (24 turns), gpm, approx. 15 
Water pressure atuheader, Dsies. enlccwiien ses castes 24 
24 turns of 3/s-in-OD, 0.035-in-wall, copper tubing in- 

sulated with woven asbest0s.........6.0cseceeees 
Pipe insulated with 4 layers of !/s-in. X 10-in. asbestos 

paper. 
HOURS 
esas, enroo SS ITH 12 is aS AIT” Ie 
T T 


FIG. 6 TYPICAL NORMALIZING & STRESS RELIEVING CHART 


AND STRESS-RELIEVING CHART 
TEMPERATURE AT WELD AND AT VaArRtIous DISTANCES 
From WELD 
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1/2" NIPPLES REDUCED 
TO 3/8" TUBING 


1/2" VALVES 


3/6" 0.0. 035" WALL 
COPPER TUBE INSULATED 
WITH 3/8"1.D. 1/2"0.0. 
WOVEN NONMETALLIC 

ASBESTOS SLEEVING. 
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PNEUMATIC TOOL 
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CONTROL CABINET 


*, 
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CONTROL CABINET 
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SUPPLIED BY 440V.19 SUPPLIED BY 440 V.19 
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Fig. 6 is a typical time-temperature chart showing the tem- 
peratures at the weld and at various distances from the weld 
during the solution and stress-relieving treatment. Fig. 7 is a 
schematic layout of the equipment used. 
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All welds in the high-pressure piping system at Richmond Sta- 
tion were solution-treated with the following exception: The 24- 
in. fabricated pipe where no graphite was found, and the pipe 
from the superheater header to the nonreturn valve on one boiler, 
which was replaced with one-half chrome and one-half moly pipe 
left, over from Southwark Station. 

T'wenty-Nine Welds Treated. Twenty-nine welds were solution- 
treated and the work was completed in nineteen 24-hr working 
days, thus effecting a material time-saving over and above that 
which would be required were the graphitized welds cut out and 
replaced with new welds. It is felt, however, that the treatment 
has removed a latent critical condition, either temporarily or 
permanently, and substantially prolonged the useful life of this 
pipe, although it is not necessarily to be construed that this 
method should be used if graphitization has advanced to an undue 
degree. 

Later samples will be removed from time to time and a future 
course of action will depend upon the findings. 


SECTION 2 By A. E. WHITE 


RESTORATION OF PROPERTIES OF 
GRAPHITIZED WELD SECTIONS BY HEAT-TREATMENT 


Mr. Abele has pointed out that this author would deal with the 
subject of the restoration of the properties of graphitized weld 
sections by heat-treatment at the Richmond Station of the 
Philadelphia Electric Company. 

The restoration of graphitized weld sections was advanced by 
the author in 1948, and a report covering some preliminary work 
in this field was given to the Philadelphia Electric Company on 
February 5, 1944. The restoration procedure, from a laboratory 
standpoint, is simple. It merely involves heating graphitized 
sections above the upper critical temperature for a sufficient time 
so that all of the graphite will go back into solution, with a time 
interval at this temperature sufficient to provide for the best 
possible dispersion of the resultant carbide. In this connection, a 
temperature of 1700 F continued over a period of 2 hr has been 
found adequate for graphitized-pipe weld sections. 

No claim is advanced that the restoration of graphitized welds 
by solution treatment, which is the term commonly used to 
describe the heat-treatment, can be employed successfully in all 
cases. If the graphitization is too pronounced, some claim small 
disconnected sections or cavities might remain where the graphite 
had been, even though the conversion of graphite to carbon was 
complete. Also, there is a possibility that, due to location, not all 
types of graphitized welds might lend themselves to a solution 
treatment. A weld adjacent to a valve might be a case in point. 
However, as the technique of solution treatment advances, it is 
expected that less and less difficulty will be encountered in this 
respect. 

With this background, serious consideration was given to 
restoration of the graphitized welds at the Richmond Station by 
solution treatment. This was because of the marked degree of 
graphitization found in a full-size pipe section that was broken at 
Ambridge, as well as the evidence of considerable graphitization 
obtained from boat samples and full-size pipe sections which had 
been removed from service for purposes of investigation. 

Prior to the adoption of the solution treatment for the removal 
of graphite from many of the welded pipe sections, numerous 
solution treatments were run on small samples to show that the 
graphite could be put into solution. This was then followed by 
laboratory solution treatments on tensile specimens, accompanied, 
in some cases, by stress relief, 

A summary of some of the most important of these tests is 
given in Table 4. It should be noted that the test sections re- 
moved early in 1948, for which figures are given in this table, were 
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TABLE 4 ROOM-TEMPERATURE TENSILE PR 


JANUARY, 1950 


OPERTIES FROM PREVIOUS TESTS ON 20-IN-DIAM WELDED 


CARBON-STEEL PIPE FROM RICHMOND STATION 


Tensile 


Location of 
Test Section Heat Treatment 


0.26 Offset 
Strength Yield Strength 


(psi) (psi) 


Elongation Reduction Year of 
in 2 In. of Area Removel of 
R (2) Location of Fracture Weld Section 


(The Gage Section of the Samples Was 0.750-Inch Thick, 1.25-Inches wide and 3-Inches Long) 


‘ 11.4 Graphite concentration 195 

Across weld As removed from service 51,300 * 12.0 
Across weld As removed from service 57,700 12.0 fe Graphite concentration 195 
Across weld As removed from service 48,900 10.0 5.4 Graphite concentration 1945 
Across weld As removed from service 51,900 11.0 6.5 Graphite concentration 19))5 
Pipe metal As removed from service 51,650 41.0 66.1 19h5 
Pipe metal As removed from service 51,125 35.5 58.3 1945 
Across weld As removed from service 57,140 37,700 34.0 5.0) 45) Pipe metal ee 
Across weld As removed from service 60,000 37,900 25.4 47.1 Weld metal 
Across weld As removed from service 58,200 35,400 14.0 10.6 Graphite concentration 19) 
Across weld As removed from service 60,600 36,000 17.0 16.0 Graphite concentration 1948 
Across weld 1600°F, 2 hr, A.C. 66,600 44, 000 23.5 32.8 Weld metal 19448 
Across weld 1700°F, 2 hr, A.C. 65,760 41,600 19.0 28.8 Weld metal 19448 
Acrose weld 1700°F, 2 hr, A.C. 64,630 40,800 13.0 22.0 Weld metal 198 
Across weld 1700°F, 2 hr, A.C. + 62,700 39.400 31.0 39.2 Weld metal 198 

1 hr at 1200°F 
Across weld 1700°F, 2 hr, A.C. + 55,200 39, 300 29.0 47.5 Weld metal 19 

1 hr at 1200°F 
Across weld 1700°F, 2 hr,A.C. + 58,500 36,000 RD 56.8 Weld metal 1948 

2 br at. 1275°F : 
Across weld 1700°F, 2 hr, A.C. + 58,100 34,800 33.0 54.6 Weld ‘metal 19h8 


2 hr at 1275°F 


* Yield strengths were not obtained on these samples because at the time the tests were made interest centered only on tensile 


strength, elongation, and reduction of area. 
Notre: A.C. = aircooled. 


from a weld which was graphitized to approximately the same de- 
gree as existed in the weld broken at Ambridge, which is illus- 
trated in Figs. 2, 3, and 4. These results, together with the com- 
plete lack of evidence of graphite in the solution-treated samples, 
showed this treatment to be so promising that it was adopted as a 
method of restoring many of the graphitized sections in the car- 
bon-steel pipe at the Richmond Station. The word ‘‘many”’ is 
used because a few of the graphitized welds, due to location, or 
some other cause, were removed and replaced by new welded 
sections. 

It will be noted that greater ductility was found in the sample 
solution-treated at 1600 F than in the samples solution-treated at 
1700 F. It was felt, however, that a solution treatment at 1700 F 
would be preferable to a solution treatment at 1600 F because of 
greater assurance of a more complete dispersion of the carbides. 
However, the greater ductility found with a 1600 F solution 
treatment led this author to suspect that a stress relief would 
improve the ductility of the metal which had undergone a 
1700 F solution treatment. When tried, this proved to be the 
case and, because a stress relief of 1275 F gave superior ductility 
to the metal to a stress relief of 1200 F, the former was adopted. 
The procedure finally adopted, therefore, was to give the graphi- 
tized welds a solution treatment at 1700 F for 2 hr, followed by a 
stress relief of 1275 F for 1 hr per in. of metal thickness. 

In the investigation weld-prober samples were taken from two 
graphitized weld sections and examined at the University to de- 
termine which one of the two sections contained the greater 
amount of graphite. These sections were designated as weld A 
and weld B. From the graphitization standpoint, little difference 
was found in the two sections and was less than had been found in 
other sections previously examined, although weld A appeared to 
have slightly more graphite than weld B. Weld A, therefore, was 
the section selected for a solution treatment, with a subsequent 
stress relief. Both sections were removed from the pipe line 
and, after weld A was given the solution treatment, followed 
by stress relief, at the Richmond Station, they were shipped to the 
University of Michigan for examination. 


Test MATERIAL 
The pipe was purchased to ASTM Specification A-106-33T 
Grade B. The samples were 16 in. diam with wall thickness of 
0.745 in. and were 18 in. long with the weld in the center. 
The mill analysis was reported as follows: 


Per cent 
GarDotiy vo cas & ee aeeales a et le eee ee 0.23 
Manganese. sh srcats tie y-c kre cron o£ SiR 0.93 
Phosphorus ssieucaime > ae oe See ae 0.014 
Sulphur 95k Shs 5. ce wae 2 eee ae 0.03 
SUhGOn snes Recomm yennw vt Se eee ee Not given 


The physical properties, as reported by the mill, are as fol- 
lows: 


Tensile. strength spsisenevae co. se eda oe eS 
Blongation my 2)In, per cent. eee eee ae 35 


The average operating temperature of the pipe sections since 
July, 1943, was 850 F, although from 1935, to July, 1943, the 
operating temperature was 875 F, with momentary swings to as 
high as 900 F. The pipe sections had been in service 92,000 
hr. 


PROPERTIES OF WELD B PIPE 


The room-temperature tensile properties of the welded carbon- 
steel pipe known as weld B are given in Table 5. It will be noted 
that, although the test specimens included the weld sections and 
the heat-affected zone sections wherein the most graphite would 
be found, the specimens all broke in the unaffected-pipe-metal 
sections. The values in the table, therefore, are more indicative 
of the values that would be found in the pipe metal than of the 
values that would be found in the metal in the weld or in the 
heat-affected zone. Attention is called to the fact that, although 
the pipe metal was reported as having a tensile strength of 70,900 
psi, the tensile strength of the pipe metal after 92,000 hr of service 
averaged 56,375 psi. 


PROPERTIES OF WELD A—SOLUTION-TREATED 
By far the larger amount of this particular investigation re- 
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TABLE 5 ROOM-TEMPERATURE TENSILE PROPERTIES OF WELDED CARBON-STE fF 
THE RICHMOND STATION AS REMOVED FROM SERVICD facets Mae 


(Intermediate field weld between pieces MS-12 and MS-43 in the 16-inch down-river superheater piping of No. 66 


boiler. 


Tensile 


0.2% Offset 
Strength Yield Strength 
Sample Location of Gage Section (psi) (psi) 


Weld prober samples 16R, 17R, 21R, and 22R had previously been removed from this weld.) 


Elongation Reduction 
Annee anle of Area 


(%) (4) Location of Fracture 


(The gage section of the samples was 0.50-inch thick, 1.25-inch wide, and 3-inches long.) 


H-1 Across weld 56,200 
Re-1 Across weld 56,800 
B-1 Across weld 56,400 
Bi-2 Across weld 56,100 


35,500 
35,200 
36 ,000 
32,900 


hO.0 68.0 Unaffected pipe metal 
40,0 67.0 Unaffected pipe metal 
39.0 67.0 Unaffected pipe metal 
38.0 69.1 Unaffected pipe metal 


% The degree of graphitization was not severe as is shown in Report No. 39. 


Norn: The samples were taken from four quadrants of the pipe, 90 deg apart. 


Fie. 8 Sxk»ercH SHowinc Locarion or Trust SAMPLES IN PIPE 
CIRCUMFERENCE 


(Weld-prober samples had been removed from locations labeled 14R, 15R, 
19R, and 20R.) 


lated to the studies which were made on the section of the welded 
carbon-steel pipe which was given a solution treatment, followed 
by a stress relief, at the Richmond Station of the Philadelphia 
Electric Company. Details with regard to the heat-treatment 
given this pipe section are covered in the portion of the paper by 
Mr. Abele. 

Test Procedure. The test procedure which was followed in the 
examination of this pipe at the University was as follows: 


1 The section of the pipe was cut into longitudinal strips to 
supply samples for macro- and microexaminations and for tensile 
tests, as indicated in Figs. 8, 9(a), and 9(6). 

2 Strips from four quadrants were macroetched the full 
length of the pipe sample to check the structure at the weld and 
at the heat-affected zone resulting from the solution treatment. 

3 Metallographic examinations were made to determine if the 
graphite at the heat-affected zone of the original weld had been 
dissolved and to show the microstructure resulting from heat- 
treatment. 

4 Tensile tests were conducted at room temperature to estab- 
lish the physical properties of the metal in the weld area and 
through the adjacent pipe metal following the solution treatment. 


The locations of the tensile test sections are shown in Fig. 9(b). 
Attempts to force fracture at the outside of the original weld- 
heat-affected zone, where the concentrated graphite had dissolved, 
were not successful. 

Wherever possible, rectangular test specimens with a gage 
section 0.50 in. X 1.25 in. X 3 in. were used. The pipe sample 
was so short that it was necessary to use 0.505-in-diam test speci- 
mens when testing the material heated between the critical tem- 
peratures during the solution treatment. 


GENERAL RESULTS OF STUDY 


Physical Tests. The results of the tensile tests on the solution- 
treated pipe given in Table 6 indicate that the solution treatment 
and stress relief produced a material with satisfactory strength 
and ductility. The following additional comments are offered: 


1 When the gage section of the test specimens was placed 
across the weld, the weld-deposited metal was the weakest, and 
fracture occurred at that point. The area where graphite had 
originally been concentrated, the coarse-grained area, had the 
higher strength. 

2 When samples were machined (A2-10D and A3-3U) which 
covered the zone from the weld to a point where the temperature 
reached the upper critical temperature during solution treatment, 
the strength and ductility were both higher than that in the weld 
metal. It was not possible to force fracture at the region of 
graphite concentration before solution treatment in order to de- 
termine the ductility at that point. 

3 The metal heated between the critical temperatures had 
strength about the same as the weld metal and somewhat lower 
elongation. This comparison is not to be interpreted too literally 
because, in order to test this section, it was necessary to use 0.505- 
in. test bars, whereas the other test bars were 0.50-in. X 1.25 in. 
>< 3in. The important point is that this portion of the solution- 
treated pipe had adequate strength and ductility. 

4 Test data are not available for pipe metal heated at the 
lower critical temperature or the pipe metal not affected by the 
solution treatment, as the length of pipe supplied was cut Just 
beyond the point where the temperature reached the lower 
critical. 

As removed from service, there was very little difference in the 
amount of graphite in the two weld sections submitted for this 
investigation. Weld A had, at most, only slightly more graphite 
than weld B. Therefore the graphitization in weld A before 
solution treatment can be inferred to be about the same as that 
in weld B. The results of the tensile tests as given in Table 5 for 
weld B, therefore, can be assumed to be representative of what the 
tensile tests would show for weld A before solution treatment. 

Although none of the samples broke in the heat-affected zone 
in any of the tests reported in Tables 5 and 6, it is evident 
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beg $______—_—— Upper Critical Temperature 
Lower Critical Temperature 


Fic. 9(4) LocaTton OF PHOTOMICROGRAPHS OF Pier SECTION 
(D Refers to plate numbers) 


; Samples Al-3, A2-3, A3-h, Al-3 


Samples A2-10D dnd A3-3U 


b%~ zee 


weld 
metal 


fe cal orton Zone Samples A3-5SU, A3-5D, Al-5U, Al-5SD 


Fia. 9(b) Location or Gace Section or Tensitp Specimens oF Pipe Section 


TABLE 6 ROOM-TEMPERATURE TENSILE PROPERTIES OF WELDED CARBON-STEEL STEAM PIPE FROM THE 
d RICHMOND STATION AFTER FIELD HEAT- TREATMENT TO DISSOLVE GRAPHITE 


(Center of weld heated to 1700 F for 2 hr, slowly cooled, and stress- relieved at 1275 F. Fig. 2 shows location of test coupons with 
position of gage section shown in Fig. 3.) 
Tensile 0.2% Offset Elongation Reduction 
Strength Yield Strength in 2 In. of Area 


Sample Location of Gage Section (psi) ___(psi) ~ G5) __(%)___—_ Location of Fracture 
(The gage section of the samples below was 0.50-inch thick, 1.25-inch wide, and 3-inches long.) 
Al=3 Across weld including original 56,700 30,100 33.0 0.9 Weld metal 
weld heat-affected zones 
A2=3 Across weld including original 5h, 700 32,100 31.0 56.5 Weld metal 


weld heat-affected zones 


A3-h Across weld including original 50,700 3h, 300 27 0% 36.1% Weld metal 
weld heat-affected zones 


Ali=3 Across weld including original 55,900 31,300 32.0 5L.9 Weld metal 
weld heat-affected zones 


A2-10D Downstream pipe metal heated 58 ,000 37,500 43.0 59.9 a naceoeee 
above upper critical temperature 


A3-3U Upstream pipe metal heated 59,600 35,300 43.0 59.8 Sane 
above upper critical temperature 


(The gage section of the samples below was 0.505-inch diameter and 2-inches long.) 


A3-5U Upstream pipe metal across upper 56,00 30 ,000 30.5 64.5 
critical temperature zone 


A3-5D Downstream pipe metal across upper 56,900 30,500 28.0 64.0 Pike Beret beste anto 
critical temperature zone ve pene usp peer Senne ae 
and lower critical tem- 
Al-5U Upstream pipe metal across upper Shi, 300 27,900 28.0 65.2 perature during solution 
critical temperature zone treatment. 
Al-5D Downstream pipe metal across upper 56,800 30,500 20Rs 64.0 


critical temperature zone 


* Sample A3-4 fractured through a flaw in the weld metal. 
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Fie. 10 PHoromacrRoGRAPH OF WELD SEcTION oF MAcROETCHED 
Sampues From Four QuaDRANTS OF Pipe Section A 


structure would have resulted as has been the case in all of the 
samples which were laboratory solution-treated. 

Macrographic and Metallographic Studies. Macroetching of 
samples from quadrants of the pipe section known as weld A give 
the results shown in Fig. 10. - 

Metallographic examination of this same weld area gave the 
following results; 


1 No graphite could be found at the location of the original 
heat-affected zone. Slow cooling during the solution treatment 
produced annealed types of structures. 

2 A band of comparatively coarse grains was located parallel 
to the weld and at a location believed to be that of the outside 
edges of the heat-affected zones of the original weld where the 
more concentrated graphite had formed during service. Fig. 11 is 
representative of both the upstream and downstream weld-heat- 
affected zones of all four quadrants of the solution-treated pipe. 
Fig. 12 is fairly representative of all of these sections before solu- 
tion treatment. 


The band of comparatively coarse grains shown in Fig. 11 is 
believed to be due to the slow cooling to which this pipe was 
subjected following its heating to 1700 F. Had the rate of cooling 
been more rapid, equivalent to that used in normalizing, it is be- 
lieved that a normal fine-grained structure would have resulted. 

Naturally, during the solution treatment, a temperature 
gradient would exist from the center of the weld along the pipe in 
both directions. The zones in these different gradients were 
examined but nothing of moment was found, although mention is 
made of a graphitelike substance found about 1 in. from the 
heat-affected zone which showed slight discontinuities. 


CONCLUSIONS 


The field solution treatment resulted in the metal in the weld 
zone having the same strength and ductility at room tempera- 
tures as was found in the original pipe metal after it had been 
subjected to service for 92,000 hr. As was expected, the weld- 


x 100 


X 1000 


Fic. 11 Representative PHoToMIcROGRAPHS OF UpstREAM AND DOWNSTREAM Wetp-Heat-ArrecteD ZonE or ALL Four QUADRANTS 
or SotuTion-TREATED Pipr SECTION 


that the solution treatment did not affect the properties of the 
metal adversely in the weld areas as a result of the conversion of 
the graphite in the heat-affected zone. This statement is made in 
spite of the rather large grains found in the heat-affected zones, 
which resulted from the very slow cooling of the metal during the 
solution treatment, as shown in Fig. 11. 

It is believed that if a more rapid rate of cooling from the 
solution-treatment temperature had been adopted, a fine-grained 


deposited metal was the weakest. The strength values were 
somewhat lower than those which previously have resulted from 
laboratory normalized samples because the heat cycle of the field 
solution treatment involved cooling rates slow enough to anneal 
the metal. 

Graphitization during service had not been severe enough to 
affect the strength of the welded section given a solution treat- 
ment. 
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x 100 


X 1000 


Fria. 12 Microstructure oF UPSTREAM AND DowNnsTREAM HEat-AFFrECTED ZONE OF WELD-PROBER SAMPLE 15R 


(Sample removed prior to field solution treatment. 


No evidence was observed to indicate that the solution treat- 
ment had increased the amount of graphite in the pipe metal. 

Finally, although the physical properties of the solution- 
treated weld section were not materially different from those in 
the untreated weld section, because the amount of graphite in the 
untreated weld section was not sufficiently great to have any in- 
fluence on the properties of the sections in question, yet, it is be- 
lieved that the treatment was worth while in that it converted 
any possible concentrated graphite to a carbide, with a resultant 
good dispersion of the carbide, and thus would restore any badly 
graphitized sections to a serviceable condition, 

In conclusion, it should be pointed out that this treatment is 
not one which will effect a cure, but one which will permit the 
continued use of the pipe for possibly as long as it had been used 
previously. Asstated by Mr. Abele, however, in his portion of the 
paper, these solution-treated sections, as well as all welded sec- 
tions, should undergo inspection at suitable intervals in the in- 
terest of safety. 
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Discussion 


F, Exserie.‘ This paper is of considerable practical im- 
portance in that it shows a possibily effective procedure of solu- 
tion-heat-treating weld joints which are not too severely graphi- 
tized, thereby giving them, so to speak, a new lease on life. 
The authors used room-temperature tensile tests in conjunction 
with microscopic examination to evaluate the existing degree or 
extent of graphitization, low elongation and reduction of area 
plus failure in the zone of graphite concentration being the in- 


4 Chief Metallurgist, Research and Development Department, 
The Babcock & Wilcox Company, Alliance, Ohio, 


Sample fairly representative of all four quadrants.) 


dicator of a potentially hazardous condition. This method of 
examination undoubtedly will reveal whether there is any danger 
to be expected due to shock, as illustrated by the original Spring- 
dale failure; but one may question whether it will also indicate 
the further behavior of such a graphitized weld joint at operating 
temperature when it 1s not exposed to shock. Therefore, it 
may be of interest to present here the result of a creep test which 
was made with a specimen containing a graphitized carbon- 
molybdenum pipe weld in the center of the gage length. 

Fig. 13 of this discussion shows the condition in the weld-affected 
zone of the sample prior to creep testing. This pipe joint had 
been in service for 51/, years at a temperature of 930-950 F. 
Graphitization, though discontinuous, was considered at that 


Fic. 13. Weip-Heat-Arrectep ZonE or Crepp-TEst Specimen 
Prior TO CreEP TEestine 
(Nital etch; Xx 100) 


time severe enough to remove this joint from service. The speci- 
men prepared from it was tested at 1000 F under a load of 5000 
psi, which is the maximum allowable working stress given by the 
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Boiler Code. _We kept this specimen under test for 40,200 hr, 
during which it displayed the following rates of creep, expressed 
in per cent per 100,000 hr: 


Per Cent 

Chea NN eerie hel adele eel cel geo lama 0.7 
15000 to 31000 hr... ry SPR TES 
31000 to 40200 hr... TG. Seated ed Uerecoe het HAO. 


Fig. 14 shows the condition of the weld-affected zone after 
termination of the test. It will be observed that the manner 
and extent of graphitization is now in every respect as severe as it 
was in the original failed Springdale pipe. The graphite is seen 
to be almost totally concentrated in the grain boundaries, forming 


(a) 


aS SN ti 


Fie. 14 Wetp-Heat-Arrectep Zone or Crerep-Trest Specimen 
Arter 40,200 Hr ar 1000 F Unprr 5000 Pst 
(Nital etch; 100.) 


(b) 
Fic. 16 Unvissotvep GrapHith AND MicrorissuRES IN WELD- 
AFFECTED ZONE OF SOLUTION-TREATED CREEP-TEST SPECIMEN 
(a, Unetched section; 500. 6, Lightly etched section; nital etch, 500.) 


a continuous chain through the entire cross section of the speci- 
men. One cannot help wondering why the latter did not rup- 
ture. It certainly would appear from this example that there is 
little likelihood of immediate danger at operating temperatures 
for weld joints in which graphite is present in a discontinous 
manner, provided of course that they are not exposed to shock. 

It may be necessary sometimes to make a decision as to whether 
a weld joint may be permitted to continue in service for a certain 
length of time before remedial measures are taken. To our knowl- 
Fig. 15 Wetp-Heat-Arrecrep Zone or Creep-Trst SPECIMEN edge, there are no means or methods of predicting safely if and 

Avrer 2-Hr Souurion Treatment at 1700 F, Fottowine within what length of time a discontinuously graphitized weld- 


TERMINATION OF CREEP TEST i : 
(Light nital etch; X100.) affected metal will develop dangerous graphite concentration 
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or continuous grain-boundary chain graphite. The authors of 
the paper have observed that graphitization in some field welds 
was found to have increased very little, if at all, when checked 
again after 25,000 hr. 

Our own graphitization studies have led us to believe that 
stress is one of the most important factors in promoting graphiti- 
zation, and the outstanding factor in causing the formation of 
grain-boundary chain graphite. We are of the opinion that the 
graphitized weld from which the previously discussed creep-test 
specimen was prepared would not have deteriorated to the same 
extent as the latter if it had been exposed to the same tempera- 
ture and for the same length of time in the unstressed condition. 
Elimination of stress concentrations in the weld-heat-affected 
metal, therefore, appears to be of paramount importance if the 
formation of dangerous graphite concentration or of grain- 
boundary chain graphite is to be avoided. A normalizing treat- 
ment followed by thorough stress-relieving would appear to be a 
step in this direction. 

It seems to us that the effectiveness of restoring graphitized 
weld joints by this method will depend not only upon the complete 
solution of the existing graphite but also upon the effective dis- 
persion of the locally dissolved carbon by diffusion. ; 

Figs. 15 and 16 show the weld-heat-affected zone of the pre- 
viously described creep-test specimen after a 2-hr solution heat- 
treatment at 1700 F, following termination of the creep test. 
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It will be noted that some graphite remained undissolved through- 
out the entire cross section and, more important yet, that micro- 
fissures formed at locations where massive graphite went into 
solution. These microfissures were identified as such by the 
seepage of drying alcohol, and the resulting staining during 
microscopic examination. We are presenting this extreme case 
as a matter of general interest only. 


H. J. Ropar.’ Early in the investigation of graphitization of 
welded pipe sections we, among many others, considered solu- 
tion of the graphite by heat-treatment as a means of restoring 
ductility to severely graphitized zones in the C-Mo pipe and 
castings. In 1944 H. Weisberg reported that normalizing at 
temperatures up to 2200 F did not materially improve the duc- 
tility of the graphitized zone in the Springdale pipe or in a 12- 
in. cast valve, both of which were severely graphitized. Addi- 
tional data, summarized in Table 7 (page 49), have been obtained 
since that time, and indicate that when the graphite is of the chain 
type or when the nodules are closely spaced, normalizing or nor- 
malizing and tempering does not improve the ductility appreci- 
ably. The ductility of more mildly graphitized sections, how- 
ever, is considerably improved. 

A miniature bend test was used in determining ductility, for 


5 Metallurgist, Testing Laboratory, Public Service Electric and 
Gas Company, Maplewood, N. J. 


TABLE 8 SOLUTION HEAT-TREATMENT AND REGRAPHITIZATION OF SAMPLES FROM SERVICE 


Degree of 
Spec. C-Mo Service Graphitization 
No. Material Hr in Service 
28DN Pipe 24636 Medium 
28DA " " " 
47UN WW 45972 Mild 
48DA " 1 ' 
50.1DN Casting 29000 Heavy 
5O.1DA " n " 


Graphite Solution 
Heat Treatment 


1700, F for 20hr; 
air cool. 


L700 "EE tor 2 hes 
furnace cool 

300 F/hr to 1000 F. 
L700 UF forkecanr, 
air cooled. 


1700 °F for .2 hx; 
furnace cool at 
500 F/hr to 1000 
L700 TR fone2 chr, 
air cooled. 

1700" F for 2 hr, 
furnace cool at 
300 F.hr to 1000 F. 


Degree of 
Regraphitization 
in 6000 hr at 1000 F 


To same degree, but in 
narrower zone and larger 
flakes than before heat 
treatment. 

Zone is narrower, flakes 
larger and fewer in number 
than before heat treatment. 
To slightly lesser degree 
but in slightly larger 
nodules than before heat 
treatment. 

To slightly greater degree 
than before heat treatment. 
F. 

To same degree as before 
heat treatment. 

To same degree, but in 
slightly larger nodules 
than before heat treatment. 


- 


(a) 
Fie. 17 


(a, Graphite formed in service; 6, same as a after normalizing at 


() (c) 


REGRAPHITIZATION OF Carspon-Mo.y Street, 500 


1700 F for 2 hr; ¢, regraphitization of b after 6000 hr at 1000 F.) 


a 
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Spece 
Noe 
4-6 AR 


4-6 NA 


4-6 X9 


4-6 X 10 


50-3D 


50.3DNA 


50.1D 


50-1DN 


50.2D 


50.2DA 


99.2U 


99.2UN 


99.2D 


99.22DN 


102.2U 


102.2UN 


102.2D 


102.2DN 


106.2U 


106.2UN 


106.2D 


106.2DN 


138.20 


138.2UN 


138.2UNT 


13822D 


138.2DN 


138.2DNT 


TABLE 7 EFFECT OF SOLUTION HEAT-TREATMENT ON DUCTILITY OF GRAPHITIZED WELDED JOINTS 


Clio 
Material 


PADS ee 
(Springdale) 


Valve casting 


" nn 
" n" 
n " 
" " 
A n 
Pipe 
(Essex) 

nr 

n 

nr 

n 

“" 

ee 

nr 

Ld 

* 

" 

" 

" 

" 

® 
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Degree and Type of 
Graphitization 


Heavy chain 


Heavy; closely spaced 
large nodules. 


Same as 50.3D. 


" " " 
" " n 
n n n 
" ff n 


Medium; scattered 
medium size nodules. 


Same as 99.2U 
Medium; medium size 
nodules, scattered and 
in short chains. 
Same as 99-2D. 
Heavy; medium size 
rodules, scattered and 
in short chains. 
Same as 102.2U 
Medium; scattered 
medium size nodules. 
Same as 102.2D 
Medium; scattered 
medium size nodules 
Same as 106.2U 
Medium to heavy; 
scattered medium 
size nodules. 

Same as 106.2D 
Medium; scattered 
medium size nodules 


in narrow Zones 


Same as 138.2U 


Same as 138.20 


Heavy; medium size 
nodules as short chains 
and aggregatese 


Same as 138.2D. 


Same as 138.2D. 


Graphite Solution 


Heat Treatment 


None 


1700 F for 2 hr in No, 
furnace cooled 300 F/hr 
in No to 1000 F. 


2200 F for 5 min., air 
cooled. 


2200 F, compressed 4%, 
held 5 mine at 2200 F, 
air cooled. 


None. 


1700F for 2 hr in No, 
furnace cooled 300 #/nr 
in Ne to 1000 F. 

None 


1700 F for 2 hr, air 
cooled. 


None 


1700 F for 2 hr, furnace 
cooled 300 F/hr to 1000 F. 


None 
1700 F for 2 hr, eir 
cooled, 


None 


1700 P for 2 hr, air 
cooled. 


None 


U700 F for 2 hr, air 
cooled. 


None 

WOO Befor 2 hr, air 
cooled. 

None 

t700 F for 2 hr, air 
cooled. 


None 


amoO © for 2h, e27 
coolede 


None 


D700 oF fory2 hr, weir 
cooled. 


1700 F for 2 hr, air 
cooled, 1275 F for 
2 hr, air cooled. 


None 


1700 F for 2 hr, air 
cooled. 


1700 F for 2 hr, air 
cooled, 1275 F for 
2 hr, air cooled. 


Bend Test Results 


Cracking sterted at 1/4 elongation. 


Cracking started at 1% elongation. 2 


Cracking started at no measurable 
elongation. 


4" long crack et 6% elongation. 


Cracking started at 7.7% elongation, 
at 11.5% elongation crack was 0.3" 
long. 

Cracking started at 16% elongation, 
at 20% elongation crack was 0.3" 
long. 

Cracking started at 1.96% elongation. 
0.18" long crack at 6% elongation. 
Cracking started at 3.8% elongation, 
at 5.7% elongetion crack was 0.25" 
long. 


0.06" long crack at 14.3% elongation. 
Three small fissures at 20% elongation. 
No cracking at 24% elongation. 


0.3" long crack at 8% elongation, 
at 16% elongation crack was 0-6" long. 


No cracking at 30% elongation. 


0-58" long crack at 4% elongation. 


0.1" long crack at 11.5% elongation, 
0.5" long crack at 17.3% elongation. 


0.05" long crack at 21.6% elongation, 
no change at 33.3% elongation. 


No cracking at 32% elongation. 
Slight fissures at 6% elongation, no 
change at 31% elongation. 

No cracking at 32% elongation. 


0.2" long crack at 8% elongation, 
0.34" long crack at 16% elongation. 


No cracking at 30% elongation. 


At 7% elongation specimen was cracked 
completely across its width. 


Cracking started at 11% elongation, 
at 22% elongation crack was 0.3" long. 


Cracking started at 6% elongation, 
at 20% elongation crack was 0.08" 
long, no further cracking. 


0.3" long orack at 6% elongation. 


Cracking started at 11.5% elongation, 
at 15.4% elongation crack was 0.38" 
long. 


Cracking started at 10% elongation, 
further bending inoreased extent of 
cracking. 
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the only available material was small boat-shaped probes cut 
out of pipe joints. The test specimens, 1/s-in-thick center sec- 
tions of the probes, were bent in a guided-bend test jig along the 
zone of graphitization. Fiber elongation was measured on a 
1/,-in, gage length. 

Heat-treatment does not restore ductility to all graphitized 
zones, because a residue of unknown composition remains after 
the solution of the graphite. When the graphite is of the chain 
type, the residue exists as an irregular fine line; if the graphite is 
nodular, the residue is nodular, annular, and/or crescent-shaped. 
It is because of this similarity in form between the residue and the 
graphite that the ductility of severely graphitized sections is not 
restored by solution heat-treatment. 

Concomitant with the foregoing study, the possibility of re- 
graphitization after solution heat-treatment was investigated. 
Specimens of varying degrees of graphitization were solution- 
heat-treated, as shown in Table 8 (page 48) of this discussion, 
and then maintained in an oven at a temperature of 1000 F for 
6000 hr. Subsequent metallographic examination disclosed that 
all specimens had graphitized again and to approximately the 
same degree that existed before solution treatment. Fig. 17 
herewith illustrates the degree of graphitization before heat- 
treatment, after solution treatment and degree of regraphitiza- 
tion in the 6000-hr period. 

Based upon these results, we have not resorted to solution heat- 
treatment as a means of rehabilitating graphitized welded sections. 
Our practice has been to cut out and reweld those joints that are 
severely graphitized and of poor ductility. All welded sections 
in old specification pipe and all castings are of course probed 
at suitable intervals. 


J. A. Rouric.6 The authors are to be commended for the 
information they have contributed on the subject of heat-treat- 
ment of welded joints in high-temperature main steam piping. 
Their method of accomplishing the heat-treatment has been out- 
lined clearly, and their test data show that graphitized welded 
joints can be reconditioned suitably for further service, provided 
the graphitization has not become critical. 

Work of the same nature has been done by the writer’s com- 
pany, and the results are in general agreement with those pre- 
sented by the authors. An account of this study has been given 
by D. H. Corey and the writer.7? By the use of this method nor- 
malizing of graphitized welded pipe joints while in position has 
been carried out by the writer’s company since early in 1947. 

The tensile-test data given in the paper show that the duc- 
tility of the graphitized welded joints used for test was improved 
markedly by heat-treatment. The data, however, apparently 
do not reveal the ductility of that part of the sample which is of 
greatest importance, namely, the graphitized zone. The paper 
states, ‘Attempts to force fracture at the outside of the original 
weld-heat-affected zone where the concentrated graphite had 
dissolved were not successful.” What is required, therefore, 
is a test that can be applied to the graphitized zone. 

The bend test mentioned by Mr. Weisberg in his discussion of 
an earlier paper’ meets this requirement reasonably well. That 
test indicates in a quick and simple manner the relative bend 
ductility of the graphitized zone. It has been used in the Re- 
search Department of The Detroit Edison Company with satis- 


5 Research Dept:, The Detroit Edison Company, Detroit, Mich. 

7 “Normalizing of Welds in Carbon-Molybdenum Steel Pipe by 
60-Cycle Induction Heating,’ by D. H. Corey and I. A. Rohrig, 
Welding Research Supplement of The Welding Journal, vol. 24, 
January, 1945, pp. 1-s—6-s. 

* See pamphlet, ‘‘Graphitization of Low-Carbon and Low-Carbon- 
Molybdenum Steels,’ by H. J. Kerr and F. Eberly, bound with 
ear Seine vol. 67, 1945, pp. 1-45; discussion by H. Weisberg, 
pp. 35-39. 
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factory results in evaluating the condition of graphitized welded 
joints. The apparatus used in the Research Department in 
performing the bend test consists of two dies, similar to those 


Fie. 18 Brnp-Trst Dres In Use 1n MeraLtitocrRapHic SPECcIMEN- 
Mount Press 


Fig. 19 Crosz-Ur Virw or Benp Tesr Dies in Use In MErALto- 
GRAPHIC SPECIMEN-Mount Press AND OF GRAPHITIZED WELD SAMPLE 
AFTER BENDING 


used by Mr. Weisberg, and mounted in a metallographic speci- 
men-mount press, as shown in Fig. 18 of this discussion. A 
Pressure is applied by a hy- 
A specimen after bending is 


close-up view is shown in Fig. 19. 
draulic jack, manually operated. 


Specimen (a) As removed from service after 64,000 hr at 825 F 
(6) Heated at 1700 F for 2 hr, cooled in still air 
(c) Heated at 1700 F for 2 hr, furnace-cooled to 800 F, 
then cooled in still air to room temperature 
(dq) Same as (c), followed by a draw at 1200 F for 1 hr 
(e) Same as (c) followed by a draw at 1275 F for 1 hr 


Fic. 20 Benp-Trest SpeciMENS From A WELDED Joint In Mepium- 
CARBON-STEEL PIPE 


As removed from service after 59,000 hr at 825 F 

(g) Heated at 1700 F for 2 hr, cooled in still air 

(h) Heated at 1700 F for 2 hr, furnace-cooled to 800 F, 
then cooled in still air to room temperature 

(i) Same as (h), followed by a draw at 1100 F for 1 hr 

(j) Same as (h), followed by a draw at 1200 F for 1 hr 

(k) Same as (h), followed by a draw at 1275 F for 1 hr 


Specimen (/) 


Fic. 21 Benp-Tesr Specimens From Wetpep Joint In Mepium- 
CaARBON-STEEL PIPE 


shown adjacent to the lower dic in Fig. 19. Note that the speci- 
men which was cut from a weld-prober sample removed from a 
graphitized welded joint has cracked badly in the graphitized 
zone. 

The specimens shown are '/; in. thick and are finish-ground on 
both faces. Slight etching before test readily reveals the outline 
of the weld and facilitates positioning of the specimens in the 
dies so that the bending can be made to occur in the graphitized 
zone. The results obtained by means of the bend test may be 
stated in terms such as, length and width of cracks after bending, 
angle of bend, elongation of the bent area, or gage pressure. 
Some of the results obtained from this test may be of interest. 
Bend-test specimens of medium-carbon steel representing var- 
ious conditions of heat-treatment are shown in Fig. 20. 

Severe cracking occurred in the graphitized zone of specimen 
(a) and in the formerly graphitized zone of specimen (b), when 
bent. Specimen (c) which had been furnace-cooled, exhibited 


ABELE, WHITE—GRAPHITIZATION STUDIES, WELDED PIPING, PHILADELPHIA ELECTRIC Co. 51 


satisfactory ductility as did specimens (d) and (e), which had 
been drawn at 1200 F and 1275 F, respectively. 

The bend-test specimens shown in Fig. 21 also were taken from 
a medium-carbon-steel welded joint removed from service. 

Although specimen (h), which had been furnace-cooled after 
2 hr at 1700 F, had much better bend ductility than specimens 
(f) and (q), it exhibited a crack in the formerly graphitized zone, 
Specimen (7), which had been drawn at 1100 F, cracked badly in 
the affected zone. This fact indicates that a draw treatment 
at 1100 F may cause brittleness in the formerly graphitized zone. 
Samples (7) and (k), which had been drawn at 1200 F and 1275 
F, respectively, did not crack even when bent 110 deg. The 
single heat-treatment, consisting in heating at 1700 F for 2 hr, 
followed by slow cooling, produced good improvement in duc- 
tility as determined by the bend test. Further improvement 
in ductility of joints so treated could be expected as a result of the 
annealing effect of service at 800 to 900 F. 

The results of the bend test, which was made on the samples 
described herein, are in agreement with the tensile-test results 
given in the paper, in that the best ductility was obtained by 
employing a draw treatment at 1275 F, following the 1700 F 
solution reatment. 

The primary purpose of this discussion, however, is to point 
out that the bend test has the advantage in that the testing force 
can be applied to the significant area, i.e., the graphitized zone. 


AuTHORS’ CLOSURE 


The authors are grateful to Messrs. Eberle, Robar, and Rohrig 
for the contributions made to their paper through their discus- 
sions. 

They are in agreement with the thought expressed by Mr. Eb- 
erle, that stress concentration in weld-heat-affected zones appears 
to be of paramount importance in the formation of dangerous 
graphite concentrations or of grain-boundary chain graphite. 
They have never found in their examinations of graphitized metal, 
after a solution treatment, as large an amount of what we may 
speak of as “constituent X’’—that is, voids, graphite, inclusions, 
or occlusions, as shown in Fig. 15. As a matter of fact, they 
have not found any evidence of constituent X in any of the heat- 
affected zones following solution treatment in the plain carbon 
steel reported in this paper. They have found constituent X in 
the carbon-moly steel, in the heat from which the 12-inch pipe 
was made in the main steam line in the Schuylkill Station, though 
it was smaller in amount and in particle size than that shown in 
the photomicrographs in Fig. 16 of Mr. Eberle’s discussion. The 
evidence of constituent X at the time the paper was given was not 
pronounced. Also, the constituent X was not of a chain-like 
type.° 

The authors are grateful for the valuable contribution of Mr. 
Robar. They recognize that solution treatments would not 
materially improve the ductility of graphitized zones in pipe as 
severely graphitized as was the case with the Springdale pipe. 
Also, they have found that the graphite has a tendency to return 
to the locations in which it was found after several thousand 
hours of heating. They have never held that solution treating 
was a cure, but a method which might be employed for prolong- 
ing the useful life of graphitized pipe, provided the graphitiza- 
tion has not developed to too great a degree. 

The authors also appreciate the contribution of Mr, Rohrig 
which so completely described the bend test procedure used by 
The Detroit Edison Company. 


9 A recent further examination of carbon-moly welded pipe which 
had been solution treated, that was made nine months after this paper 
was presented, shows in one of the quadrants of a heat-affected zone a 
constituent X somewhat similar to that shown in Fig. 16 of Mr. 
Eberle’s discussion, 
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The authors’ feeling with regard to the solution treatment is 
summed up by Mr. Abele in his statement to the effect that “The 
treatment has removed a latent critical condition, either tempo- 
rarily or permanently, and substantially prolonged the useful 
life of the pipe.” This statement, of course, relates to the pipe 
that had undergone graphitization at the Richmond Station. It 
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does not necessarily hold, however, for all graphitized plain 
carbon pipe. 

Also, the feeling of the authors is covered in the statement by 
A. E. White to the effect that ‘No claim is advanced that the 
restoration of graphitized welds by solution treatment can be 
employed successfully in all cases.” 


Development of the Hydraulic Design 
for the Grand Coulee Pumps 


By CARL BLOM,! LOS ANGELES, CALIF. 


The Grand Coulee pumping plant has been the subject 
of an extensive hydraulic research program. The first 
part of this program was conducted at The California 
Institute of Technology for the Bureau of Reclamation 
from January, 1938, to July, 1940. Some of the results of 
this program have already been published (1 to 4),? and 
other papers (5, 6) describe the different features of this 
project. This paper presents some of the results of con- 
tinued experimental research of the author’s company 
from 1943 to 1946. The investigation covered the effects 
of various diffuser-type pump cases and impellers on the 
pump characteristics of the Grand Coulee model. The 
paper concludes with the description of the final test of 
the contractor’s model completed in July, 1947. 


PRELIMINARY INVESTIGATIONS AND OPERATING REQUIREMENTS 


N a paper by E. B. Moses (5) is described the development 
of the Grand Coulee Project in detail. A brief summary of 
the pumping plant will be reviewed here for ready reference. 

The pumping plant is situated at the Grand Coulee Dam on the 
Columbia River in the State of Washington. This huge pumping 
plant will consist of twelve vertical single-stage pumping units. 
Each unit will be driven by a 65,000-hp motor, or a total of 780,- 
000 hp for the complete pumping plant. The pumps will have a 
wide operating head range, from 365 to 270 ft, with a correspond- 
ing capacity of 1100 cfs to 1650 cfs, when operating at the con- 
stant speed of 200 rpm. The pumps will be of the vertical single- 
stage single-suction type, with 12-ft-diam discharge, and a 14-ft- 
diam suction. 

The Grand Coulee Project makes one feel the daring of its 
conception, the overwhelming grandeur of its size and power, 
and last but not least the painstaking care given to the investiga- 
tion of all its details. In order to obtain strict and exacting final 
specifications, a research program lasting 2!/, years was con- 
ducted at the Hydraulic Machinery Laboratory of the California 
Institute of Technology (later called Cal Tech), sponsored by the 
Bureau of Reclamation (later called The Bureau), and carried 
through with the co-operation of three pump manufacturers. 

The foregoing program was considered necessary even though 
the investigations and test results of the large pumping units 
(7, 8) for the Metropolitan Water District of Southern California 
were available. No part of the research program mentioned 
would have been effective in detail without the development of 
Cal Tech Hydraulic Machinery Laboratory (9), with its precision 
instruments and exact measurements to aid in securing the effect 
of small design changes. 

The final specifications called for a minimum flow rate of 1350 
cfs at a rated total dynamic head of 310 ft, and a minimum war- 


1 Chief Engineer of Byron Jackson Co. Mem. ASME. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, San Francisco, Calif., June 27-30, 1949, of 
Tur AMERICAN SocreTy or MecHAnicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—SA-8. 
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ranted pump efficiency of 87 per cent at this point. Furthermore 
the specifications require a minimum flow rate of 800 efs at a total 
dynamic head of 365 ft, and a maximum load not to exceed 65,000 
hp at 270 ft total dynamic head. The great variations of head 
and flow rate had to be obtained at a constant speed of 200 
rpm. The specifications also prescribe that the head-capacity 
curve shall be relatively steep, and the pump efficiency as high 
as possible over the entire range of operation. The pump shall 
have stable operation free from cavitation within the full range 
of operating heads. 


Pumpinc-PLant Layout AND HEAD VARIATION 


Hach pumping unit will pump through separate piping systems 
(see Fig. 1). Each system consists of the trash rack, intake 
structure, a 90-ft-long 14-ft-diam suction pipe and elbow, and 
an 850-ft-long 12-ft-diam discharge pipe. The water surface at 
the intake to the pumping plant will fluctuate from a maximum 
elevation of 1290 to a minimum of 1208, that is, a total difference 
of 82 ft. At the same time the water surface at the outlet will 
vary between the elevations of 1571 and 1557, a difference of 14 
ft. 

The foregoing head variations, and the pipe-friction loss, also 
shown in Fig. 1, and the static water-surface elevation from the 
intake to the outlet lead to a variation of total dynamic heads 
from a minimum of 270 ft to a maximum of 365 ft, or an operating 
range from 100 to 135 per cent. The most severe suction condi- 
tions occur at low capacities when the water surface at the intake 
is at an elevation of 1208. The center line of the pump is located 
at an elevation of 1203, which provides only a 5-ft submersion for 
pumping heads from 365 ft down to 350 ft. 


NEED FOR FURTHER INVESTIGATIONS 


Difficulties were encountered when the former test results 
were applied to our investigation of a pumping unit of minimum 
weight and cost. Early weight calculations eliminated the most 
attractive case type, that is, the double-volute case. This type 
satisfied all the requirements of the specifications. However, the 
weight became excessive because of the heavy reinforcing needed 
to maintain permissible stresses in the open section. Unlike 
this, the diffuser-type case, in which the diffuser vanes act as 
connecting members between the two side walls, leads to a 
lighter pump case and thereby to the most economical unit. 

In the original model study, pumps with diffuser cases gave a 
very unstable performance near the 365-ft operating head. The 
problem therefore was to design a diffuser-type case which would 
meet all the hydraulic requirements and particularly have stability 
of performance near the high operating head. This unstable 
portion of the pump characteristics was greatly affected by the 
pump-case design and had not been overcome satisfactorily by 
the preliminary experiments with diffuser-type cases. 

Further investigation was also necessary owing to the wider 
operating head range given in the final specifications. The 
original model study conducted at Cal Tech from 1938 to 1940, 
was based upon a total head variation from 295 to 365 ft, or a 
total operating range from 100 to 125 per cent, while the final 
specifications call for an operating range of from 100 to 135 per 
cent. 
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As these and other problems became more evident soon after 
Byron Jackson Co. and The Pelton Water Wheel Company 
decided to make a joint bid, they initiated in 1948, a program of 
development. This program assigned to Byron Jackson Co. 
the task to design, build, and test models in order to develop 
the final hydraulic lines of the pump. The investigation was 
conducted at Byron Jackson Co.’s plant from 1948 to 1946, and 
carried to a successful completion in spite of war and postwar 
difficulties. 

At the end of the investigation a bid was submitted and re- 
sulted in the award of a contract to build six pumping units. 
After the award the research program was continued at Byron 
Jackson Company’s plant and, at the same time, it was decided 
to conduct the final acceptance test at Cal Tech. It was deemed 
advisable to take advantage of the precision test facilities at Cal 
Tech because of the magnitude of the project and the desirability 
of having impartial observers. Also, the big prototype-to-model 
ratio of 13 to 1 made it imperative that tests should be con- 
ducted with the greatest possible accuracy. 


PRESENTATION OF TEST DaTA 


Before going into the details and comparisons of test results at 
the different stages of development, the following differences of 
presentation are noted. The preliminary tests at Cal Tech and 
some of the tests by the author’s company were made with 
model units of greater size than the final ones used for acceptance 
tests. The reason for this was that the horsepower available at 
Cal Tech was not sufficient to run the original model at speeds 
corresponding to the operating heads in the field. The speci- 
fications called for tests at field heads. Furthermore, in the 
final model the casing was built with sectional breaks in curvature, 
corresponding to the welded structure of the prototype case. 
This was a deviation from the earlier models which were all 
furnished with smooth pump cases and were of a larger size. 
Unfortunately, time did not permit us to duplicate the final 
model with a smooth casing so that the friction losses in the two 
cases might have been compared. 

In the original testing program from 1938 to 1940, the suction- 
head reading was taken at the suction flange, and the dis- 
charge head reading 10 diam beyond the end of the discharge 
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Fig. 2 Hrap-Recovery AND DiscHARGE PIPE BEYOND CoNnE 


cone of the volute, giving afterward a credit for the friction 
loss in the 10-diam-long pipe. In the final specifications, how- 
ever, the suction-pressure readings were to be taken at the ex- 
treme end of the suction elbow, thus charging the pump with 
the loss through the elbow. 

Another change in the specifications calls for measurements of 
the discharge head at the end of the diffuser-case cone where the 
velocity distribution is far from uniform, while the velocity head 
is figured from a uniform velocity arrived at by dividing the capac- 
ity with the area. That there is an apparent gain in discharge 
head further downstream figured on this basis is shown in Fig. 2. 

To determine the amount of this gain in discharge head, a set 
of readings was taken on a model with a 10-deg-discharge cone 
at the end of the cone, and 3.4 and 6.8 diam beyond the cone. 
These readings showed a substantial gain at 6.8 diam beyond the 
end of the cone, and so justify the Hydraulic Institute’s recom- 
mendation of measuring the head at a point 10 diam beyond the 
cone. However, the specifications permitted lengthening of the 
discharge cone by reducing the total cone angle, thereby obtain- 
ing much more uniform velocity distribution at the end of the 
cone. 

In the last models a discharge cone with a 3-deg total cone 
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angle was used, and head readings obtained at the end of this 
cone were slightly lower than readings obtained with a 10-deg 
cone at a point 6.8 diam beyond the end of the cone. 

Owing to these different definitions and measurements of total 
head, the different performance curves are not directly com- 
parable. No attempt was made to recalculate the performance 
curves and bring them to the same basis, but performance curves 
shown on any one figure were obtained with the same test pro- 
cedure and are directly comparable. 

For convenience of comparison, most of the model test data 
were converted into prototype values at an operating speed of 
200 rpm. Also, it was found most practical to compare the pump 
characteristics at an operating point of 1450 cfs at 310 ft. This 
point gave the same percentage of safety above the minimum 
required capacity of 1350 cfs at 310 ft as the power percentage 
safety below the maximum permissible power requirement of 
65,000 hp at 270 ft.’ 

For better understanding of the various performance curves, 
the main dimensions for the various model impellers and pump 
cases referred to in the various figures are given in Table 1. All 
models were mounted horizontally and were of a construction as 
shown in Fig. 15. 

Following is a description of the step-by-step development of 
various pump cases and impellers to arrive at the smallest pump 
size and highest pump efficiency unit having a stable noncavitat- 
ing performance curve under all operating conditions. 


Pump-CasiIne Stupy 


The pump casing represents a high percentage of the total 
pump weight and, as previously mentioned, the diffuser-type 
casing proved to be lighter than the single- and double-volute 
case. However, the pump characteristics with a 12-vane diffuser- 
type case had not proved satisfactory. Therefore, a continued 
study of various types of diffuser cases was necessary. 

The effect of the pump-casing type on the head-capacity 
characteristics is shown in Fig. 3. Here the same impeller was 
tested in two pump cases, a double-volute case with a volute area 
of 21 sq in. and a 12-fixed-vane diffuser case with a diffuser en- 
trance area of 20.8 sq in. The double-volute-case performance 
meets all the requirements with a stable head-capacity curve over 
the operating range, and also exceeds the minimum pump efh- 
ciency of 87 per cent at the 310-ft operating point. The 12-vane 
diffuser case, however, has an abrupt drop in head near the 365- 
ft head, and the pump efficiency at the 310-ft operating point is 


2To permit simplified test procedure and also to eliminate the 
possibility of cavitation, all performance tests were run with a con- 
stant net positive suction head of 115 ft. 


TABLE 1 
Fig. 3 Fig. 4 
Outlet diam, in....... 14% 1455 
& | Outlet width, in....... 18 18 
3 Eryesdiam, imeiss sec sie: 7k 7k 
Ee Outlet vane angle, deg 23} 233 
‘4 | Number of vanes..... 8 8 
l 
2 D) 
Entrance area, sq in... (volute) re 
2 20.8 : 
3 Outlet area, sqin.....{ 44.0 44.0 
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ag : 
a 24 
Q | Vane lip width, in..... Se hae) 18% 
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below the minimum 87 per cent required. This drop in head also 
affected the brake horsepower, and this unstable portion of the 
performance curve was considered too close to the 365-ft head for 
safe operation. The foregoing performance curves indicate that 
the lower number of diffuser vanes would give a more stable and, 
in general, a more satisfactory performance. 

In order to determine the influence of diffuser-case entrance 
area on the pump characteristics, a series of tests were run with a 
gradual increase of diffuser-case entrance areas, using the same 
impeller for all tests. In Fig. 4 is shown the effect of diffuser- 
vane inlet area on pump characteristics for model pumps using 
the same impeller and the same 12-fixed-vane diffuser case as 
described and illustrated in Fig. 8. The diffuser-case inlet area 
was changed from A to B, which latter is 18 per cent larger than 
A. Alternating the diffuser-vane inlet area also affects the 
diffuser-vane entrance angle, but experiments have shown that 
the area affects the pump performance to a much greater degree 
than the diffuser-vane angle. The increased diffuser-vane en- 
trance area improved by several points the pump efficiency at 
310-ft head, but the head-capacity curve dropped below the 365- 
ft head. Therefore this performance curve was not acceptable, 
and further study of the 12-fixed-vane diffuser case was aban- 
doned. 

Next a design study was made of fixed-vane diffuser cases 
with 8, 4, 5, and 6 diffuser vanes, in order to analyze the practical 
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minimum number of vanes which would give sufficient strength 
and allow a substantial weight saving and still meet all re- 
quirements. This study proved that the 6-vane diffuser case was 
the most satisfactory. 

Fig. 5 shows comparison of pump characteristics for 6 and 
12-fixed-vane diffuser cases. Here the same impeller was tested in 
the two diffuser cases, both having practically the same diffuser- 
vane inlet area but different diffuser-vane outlet areas as shown 
in Table 1. The 6-vane diffuser case improved noticeably the 
head-capacity performance near the 365-ft head and materially 
reduced the dip in the unstable range. The pump efficiency at 
the 310-ft operating point for the 6-vane diffuser case showed only 
a slight gain over the 12-vane diffuser case. However, the pump 
efficiency at that point was later improved. This was accom- 
plished partly by increasing the diffuser-case inlet area which was 
permissible with the 6-vane diffuser casing, as this casing still 
gave a stable characteristic at the 365-ft head. 

Next, the change of performance with increased outlet area of 
the diffuser cases was determined. As might be expected, the 
larger diffuser cases with lower velocities permitted a greater head 
recovery at the end of the diffuser vanes and therefore showed 
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some improvement in the pump efficiency. However, this would 
have resulted in too large a pump case, and therefore further 
study was continued in order to improve the pump efficiency with 
the smal] diffuser case. 

New-Type Diffuser Case. By studying the flow distribution in 
the outlet of the pump-discharge cone for a 6-vane diffuser case, 
it was found that the higher velocities crowded toward the 
outside of the pump casing. To obtain a more uniform flow at 
the end of the discharge cone, several ribs were tried in the pump 
casing. The best result was obtained when using one rib dividing 
the flow in a diffuser case into two separate streams similar in 
principle to a double-volute case. This rib design is shown 
in Fig. 6. The location of the dividing rib may also be seen in 
Fig. 7 which shows the final model on its base in the laboratory 
with the front half of the case removed but with impeller diffuser 
ring and dividing rib in place. 

The velocity distribution at the end of a 3-deg discharge cone 
for a 6-vane diffuser case, with and without a dividing rib, is 
shown in Fig. 8. The effect of this dividing rib on the pump 
characteristics, resulting in increased head and higher efficiency, 
is shown in Fig. 9. 

The same tests were repeated on 6-vane diffuser cases, with 
and without dividing rib, the cases having a total cone angle of 
10 deg, and the results were relatively the same. In the two sets 
of tests, the gain in pump efficiency and head for the case, with a 
dividing rib as against the case without this rib, was greater than 
the energy difference calculated by the integration of the velocity 
heads corresponding to the different velocity distributions, Fig. 8. 

It will be noted that the first three diffuser vanes remain the 
same in the two pump cases with and without the dividing rib. 
The difference in performance obtained by these two pump cases 
therefore can only be the result of what happens beyond the 
outlet of the third diffuser vane. From this point on, in the 
case without the dividing rib, the streams from the 4th, 5th, and 
6th diffuser vanes flowing into the stream from the first three 
diffuser vanes must introduce shock and mixing losses which are 
greater than the friction loss from the two separate streams in 
the case with a dividing rib. This result was somewhat surpris- 
ing, since the dividing rib decreases the hydraulic radius of the 
case. 

By continued use of this reasoning, the best results should 
perhaps be obtained by separating all the streams coming from 
the diffuser vanes. But such a diffuser case would become im- 
practical to manufacture and, undoubtedly, the further decrease 
of the hydraulic radius would result in greater friction losses 
which would offset the gain in reduced mixing and shock losses. 

No further tests were made to clear up this point. The im- 
proved efficiency in the larger diffuser case previously mentioned, 
undoubtedly was the result of longer diffuser vanes, although in 
that case we dealt with diffuser cases with lower velocities. 
Hence the results are not directly comparable. 


Errects or IMPELLER-DiscHARGE VANE ANGLE ON Pump 
CHARACTERISTICS AND Pump S1zE 


Three impellers, having the same profile but with 261/2, 231/., 
and 181/, deg discharge vane angles were tested in a 6-fixed-vane 
diffuser case. The pump characteristics of these three impellers 
are shown in Fig. 10. In this particular case, it was more ad- 
vantageous to present the actual model performance curves, as 
they more clearly indicate the spread in the head-capacity per- 
formance. 

The impeller with the 261/,-deg discharge vane angle will re- 
quire a multiplying factor of 11.4, while the impeller with an 
18'/,-deg angle requires a multiplying factor of 12.3 of this larger 
model, or, converted into weight, the impeller with the lower 
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angle would result in a 25 per cent heavier pump case than an 
impeller with the steeper angle. 

However, the head-capacity performance near the 365-ft 
head became more unstable for impellers with steeper vane angles. 
The unstable part of the curve for the 261/:-deg vane angle was 
considered the upper safe limit for an impeller with this profile. 
Therefore, to allow for a certain margin of safety in the unstable 
range, the final model pump was designed with impellers having 
outlet discharge vane angles of 24 deg. Also, impellers with wider 
profiles were tested in wider diffuser cases, but these casings had 
the same diffuser inlet area as the narrow diffuser casings. The 
wide-profile impeller gave the same type of performance as a 
narrow-profile impeller with steeper vane angle. No noticeable 
gain in pump efficiency was obtained with the wider impellers. 


Errects oF IMPELLER-VANE ENTRANCE ANGLE ON CAVITATION 
PERFORMANCE AND PuMP CHARACTERISTICS 


Impellers with different impeller-eye profiles were designed and 
tested to determine the effect of the ratio between radial and pe- 
ripheral eye velocities on the cavitation performance. In this 
study it was found that the information given in C. A. Gongwer’s 
paper (2) was very useful, and the best cavitation performance 
was obtained with an impeller-eye profile which agreed with the 
formula recommended in that paper. 

The effect of the impeller-entrance vane angle on the cavitation 
performance and pump characteristics is demonstrated by two 
impellers, A and B, tested in the same 6-vane diffuser case with a 
separating rib. The two impellers have practically the ame 
profile and outlet vane angle (see Table 1). The main differences 
in design are the impeller-entrance vane angles as shown on the 
diagrams in Fig. 11. 


CAP -270 FT. 


Bic. 11 Enrrance Vetociry TRIANGLES FoR ImpELuERS A AND B 

Impeller A, with entrance vane angles 28 deg at the eye and 48 
deg at the hub, favor shock-free operation at the larger capacity, 
while impeller B, with vane entrance angles of 21 deg at the eye 
and 33 deg at the hub, will give shock-free operation at lower 
capacities. 

Fig. 12 shows the result of cavitation tests for these two im- 
pellers. Impeller A does not satisfy the minimum ¢ requirement 
for the lower capacities at 365 and 350-ft head but, as expected, 
gives ample safety at the larger capacities, particularly for the 
capacity at 270 ft. Impeller B, however, satisfies all require- 
ments, but the amount of safety of course is less at the larger 
capacities. 


The pump characteristics of the two impellers are shown in 
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Fig. 13. A comparison of these two pump characteristics shows 
that the impeller-vane entrance angle also has an amazingly great 
effect on the pump performance. The lower impeller-vane en- 
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trance angles on impeller B have also several beneficial results on 
the pump characteristics, as follows: 


1 Lower head and brake horsepower at the closed valve, 
which latter would result in less starting-torque requirement for 
the motor if started under shutoff conditions. The lower head 
may be the result of less back pressure created by the lower vane 
angle at zero and low capacities. 

2 The unstable portion of the head-capacity curve and brake 
horsepower moves to a lower capacity with a flatter impeller- 
entrance vane angle and allows for greater safety of stable opera- 
tion near the 365-ft head. It is interesting to note in the previous 
figures shown that the unstable performance caused by the 
pump casing remains at the same capacity from one type of pump 
case to the next, and the case design affected only the magnitude 
of the dip in the head-capacity curves. This also held true in the 
unstable portion of the brake-horsepower curve. As the lowering 
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of the impeller-entrance vane angles moved the unstable portion of 
the head-capacity curve as well as the brake-horsepower curve 
to a lower capacity, this would indicate that the unstable por- 
tion in the performance is the result of flow conditions in the 
impeller eye. 

3 The improved pump efficiency over the operating range, 
particularly at the lower capacities, gives a strong indication 
that for pumps designed for a definite operating point, in this 
case, for instance, 310 ft, the impeller should have vane entrance 
angles giving a velocity diagram similar to impeller B, rather 
than the conventional diagram as obtained by impeller A. The 
suction approach and the NPSH available must of course also 
be given consideration in the selection of the impeller-entrance 
vane angles. For commercial pumps, however, which must cover 
a wide range of capacities it probably will be found necessary to 
use impellers with vane entrance angles similar to those used in 
impeller A, as this steeper vane entrance angle has a greater o 
safety against cavitation at the larger capacities. 

The final model used for acceptance tests incorporated all the 
improvements mentioned, and the following résumé will give the 
results of the final acceptance tests. 


Mopet-Pump Tests 


Final model tests were conducted by the Cal Tech Hydro- 
dynamics Laboratory. Laboratory equipment, except for slight 
modifications, was the same as previously described in detail 
(9). Rey 
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Interior, Bureau of Reclamation, under which the contract for 
the six 65,000-hp pumps was awarded, required, in addition to 
characteristic and cavitation tests, the determination of the 
following: 

1 Amount of unbalanced side thrust on the impeller. 

2 Distribution of flow and amount of prerotation at the eye 
of the impeller. 

3 Velocity distribution at the end of the casing extension 
diffuser. 

4 Pressure variations near the periphery of the impeller in 
both the top and bottom covers. 


The final model, set up for test in the Cal Tech Hydrodynamics 
Laboratory, is shown in Fig. 14. The long stainless-steel casing 
extension diffuser is shown, with discharge piezometer connec- 
tions at the upper end. A portion of the converging-cone suction 
elbow, together with one of the balance lines from the back of the 
impeller to suction pressure, also will be noted in this illustration. 

Fig. 15, the model pump assembly, shows the location of both 
suction and discharge piezometer connections and also the Pitot- 
tube plates used in the determination of velocity distribution. 
Piezometer connections, as shown, are located in accordance with 
the specifications. 

From Figs. 14 and 15 it may be seen that the heads and effi- 
ciencies obtained in these tests, and reported herein, are not those 
of the model pump alone but include losses in the suction and 
discharge piping between the -piezometer connections and the 


pump. 
CHARACTERISTIC AND CAVITATION TESTS 


All testing was performed at heads equal to those of the proto- 
type, necessitating operation at 2600 rpm, i.e., prototype speed 
of 200 rpm multiplied by the model ratio of 13. Results of char- 
acteristic tests are plotted in Fig. 16 on which a scale has been 
added for prototype capacity, obtained by multiplying model 
capacity by the cube of the model ratio, and the inverse ratio of 
the operating speeds. In accordance with the specifications, the 
efficiencies shown are those obtained by the model and include 
losses in suction and discharge piping between piezometer connec- 
tions. Furthermore, model efficiencies are shown as applying to 
the prototype, unlike turbine practice wherein an increase is 
permitted due to decreased relative roughness and clearances. 

The test installation included a scale model of the trash rack 
and inlet structure of the prototype, enclosed in a pressure tank 
to permit varying the suction pressure (see Fig. 17). The width 
of the channel ahead of this trash rack was restricted by side 
plates to that equivalent to one bay in the Grand Coulee wing 
dam. Water flowing into this channel was passed through a 
gravel-bed filter having sufficient resistance to insure uniform 
flow, in an effort to duplicate, as nearly as possible, suction 
conditions obtaining in the prototype. The entire suction from 
the trash-rack structure to the pump duplicated that of the proto- 
type to a model ratio scale of 1 to 13. 

Table 2 is a comparison of model test results with specification 
requirements. 

The minor discontinuity in the head-capacity curve, indicating 
unstable operation, falls well outside the operating range of the 
prototype. 

The test results show the model ratio of 13 to be ideal in that 
it permits minor variations, either smaller or larger, due to manu- 
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facturing tolerances in the prototype, without falling short of the 
minimum required capacities or exceeding the maximum permis- 
sible horsepower. a 

Cavitation performance is shown in Fig. 18 for each of four 
operating conditions, i.e., the maximum head, the minimum 
head, the normal (or warranted) head, and a head corresponding 
to low water in both the lake and the discharge canal. The 
operating range shown is based on prototype performance, lake 
levels on the suction side, discharge canal levels, and anticipated 
conduit and entrance and exit losses. Upper and lower limits 
of this operating-range area are based upon high and low water 
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in the discharge canal, and right and left limits are based on 
high and low water in Lake Roosevelt. These tests show a mar- 
gin of safety between the operating range and the inception of 
cavitation sufficient to exclude the possibility of cavitation dam- 
age. 


UNBALANCED SIDE THRUST ON IMPELLER 


The direct measurement of the amount of unbalanced side 
thrust on the impeller of a pump, operating at 2600 rpm and 355 
bhp, presents numerous difficulties, aggravated by the require- 
ment to make the measurements on a model which in its final 
form had only 0.007-in. diametral clearance between the rotating 
and stationary seal rings. Therefore it was decided that the de- 
flections of the pump shaft during operation would be measured; 
which, combined with the spring constant of the shaft determined 
at rest, would permit accurate calculation of the forces causing the 
deflection. 

To measure the deflection of the shaft during operation, two 
insulated metal probes were inserted at points 90 deg apart 
through holes in the suction cover. A suitable bracket was pro- 
vided for each probe to hold it in position and at the same time 
permit fine control of its movement, toward or away from the 
impeller seal ring. A dial indicator reading to 0.0001 in. was 
rigidly mounted on each bracket and used to determine the 
location of each probe. Contact with the impeller seal ring was 
determined by neon bulbs operated by transformers through a 
low-voltage trip circuit (see Fig. 19). 

It was possible accurately to locate the center position of the 
impeller with the pump filled with water and slowly rotating so 
that side thrust was negligible. Then, with the model operating 
at full speed, deflection readings were taken at various capacities. 
The resultants of these readings, at the proper angle with the 
model center lines, are plotted in Fig. 20. 
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Determination of the spring constant of the model shaft, while 
at rest, with a beam and weights, permitted the calculation and 
plotting of the lower curve in Fig. 20, radial thrust versus capacity. 
The radial-thrust scale for the prototype was obtained by multi- 
plying the model thrust scale by the ratio of areas, that is, the 
square of the model ratio. 

From this curve it may radial 


be seen that the maximum 
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thrust under any operating condition, to be encountered in the 
prototype, is less than 9000 Ib and the maximum at shutoff head 
is only 43,000 Ib. This is considered insignificant in a unit of this 
size having a shaft nearly 21/2 ft diam and an impeller which 
weighs nearly 30 tons. 


DISTRIBUTION OF FLuow AND AMOUNT OF PREROTATION AT HYE 
oF IMPELLER 


The velocity and direction of flow of the water entering the 
impeller were determined by a direction-finding Pitot tube in- 
serted into a plate located approximately 2 in. ahead of the im- 
peller, as shown in Fig. 15. Five traverses were made in each 
direction. Readings were taken through the entire cross section 
and results plotted. Numbers on the isovelocity diagrams in 
Fig. 21 indicate velocity in feet per second. 

Velocities on these diagrams are unusually uniform and corrob- 
orate the wisdom of The Bureau in the choice of a converging- 
cone elbow for the pump suction. There is no backflow and 
consequently no prerotation within the normal operating range 
for the prototype. ; 


Ve tociry DISTRIBUTION AT IND OF CAasING-EXTENSION DIFFUSER 


Velocity and direction of flow of the water leaving the casing- 
extension diffuser were determined by a direction-finding Pitot 
tube inserted in a plate similar to that used on the suction side, 
except that four traverses instead of five were made in each of 
two directions at 90 deg. The plate used is illustrated in Fig, 22 
with a Pitot tube inserted through one of the holes. Note the cir- 
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cular scale with a vernier to determine accurately the direction in 
which the impact hole in the tube is pointed. A scale on the 
mounting head permits determipation of the location of the im- 
pact- and static-pressure holes with respect to the center of the 
pipe. This plate may be seen installed in the discharge line at the 
end of the upper casing-extension diffuser in Fig. 14. 

Results of readings taken at the highest head, normal or guar- 
anteed head, and lowest head, are shown in Fig. 21. Numbers 
indicate velocity in feet per second. 

At the guaranteed point of 310-ft head, the unit produces 
approximately 0.6 ft more head than it can be credited with owing 
to additional kinetic energy available in excess of that based on 
uniform velocity. This may be proved by integration of the 
velocity-distribution chart for 310-ft head. 


PRESSURE VARIATION NEAR PERIPHERY OF IMPELLER IN BoTH 
CovERS 


Pressures were taken at 12 piezometer connections in each cover 
(see Fig. 23), at operating heads of 365 ft, 310 ft, and 270 ft, and 
results plotted in Fig. 24. Velocity and direction of flow were not 
measured. However, the result of the change in the absolute 
angle of the water leaving the impeller is clearly indicated by the 
reversal of high- and low-pressure points between the maximum 
and minimum head conditions. 


CONCLUSIONS 


The pump-casing type has a great influence on the pump 
performance, as pumps with single-volute, double-volute, and 
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diffuser casing designed on the same basis will give different 
performances. Furthermore, the number of diffuser vanes in 
the diffuser case has a definite influence on the unstable portion 
of the performance curve. Fewer diffuser vanes reduce the 
magnitude of the dip in the head-capacity curve. The diffuser- 
case inlet area affects the shape of the head-capacity curve and 
also the pump-efficiency curve. Six diffuser vanes seem to be the 
minimum number for practical design of a welded pump-diffuser- 
casing structure, which will give the casing sufficient strength and 
also allow a substantial reduction in weight. A dividing rib in the 
diffuser case gives better velocity distribution and improves the 
pump efficiency. 

Impellers with the same profile, but with different impeller- 
outlet vane angles, materially affect the pump size and weight. 
The steeper vane angle gives a flatter performance curve and 
produces a more pronounced dip in the unstable head-capacity 
range. 

The impeller-inlet vane design has a great influence on the 
cavitation characteristics and also affects the unstable portion of 
the head-capacity and horsepower curves. A flat entrance vane 
angle reduces the head and horsepower at closed valve and also 
improves the pump efficiency at lower capacity. 

The unusual performance of the Grand Coulee pumps was a 
challenge to existing knowledge and techniques. To obtain the 
desired results, careful testing was required, and the use of the 
latest testing equipment was necessary. It is hoped that the 
work presented will be useful and will be followed by detailed dis- 
closures in similar pump studies. 
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Discussion 


I. A. Wintrer.* This paper presents some of the outstanding 
results of experimental research as applied to the development 
and construction of large centrifugal pumping units. It is of 
particular interest to the utility engineer since it presents basic 
research data on construction features related to the pump- 
impeller design. The importance of the hydraulic designs of the 
inlet and discharge to the pump casing, and to the casing itself, 
are presented in the text of the paper and in the comprehensive 
list of illustrations. The continuity of the presentation is ex- 
cellent and the material selected is pertinent. 

The difficulty of obtaining a satisfactory mechnical design of 
pump casing of the size and for the pressure required for the 
Grand Coulee development indicated that some form of diffuser 
casing would offer the most economical construction. The test- 
ing program of the Bureau was directed toward establishing the 
feasibility of such a design. It had been the general policy of the 
pump designers of this country to consider the turbine or diffuser 
casing detrimental to the performance of the pump, although, 
until recently, it had received wide application in important 
European installations. It was generally believed that the intro- 
duction of vanes in the line of flow opposite the impeller discharge 
would result in a loss of from 3 to 5 per cent in pumping efficiency. 
The initial tests at the California Institute of Technology on 
diffuser casings resulted in the development of designs which 
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gave efficiencies and capacities equal to and exceeding, in some 
cases, the performance of single-volute casings. 

Further development work, as will be noted by comparing the 
curves shown in Figs. 25 and 26 of this discussion, resulted in ob- 
taining performance with the diffuser casing equal in all practical 
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respects to the performance of the double-volute casing without 
the use of an auxiliary splitter as described by the author. The 
difference in performance between the double-volute casing and 
the 12-fixed-vane casing, as shown in Fig. 3 of the paper, un- 
doubtedly could be considerably reduced by the use of a larger 
casing, which would provide for greater expansion in the first 
stage of diffusion. The author’s study and development have 
been quite properly directed toward obtaining the maximum 
performance for the minimum mechanical equipment. It is 
likely that any appreciable improvement in pump performance 
above that presented by the author would be obtained at an in- 
crease in cost inherent with the construction of larger equipment. 
The development of a satisfactory recovery of velocity head 
within a diffuser casing requires two separate and distinct stages. 
The first stage is developed within the diffusers opposite the 
periphery of the impeller and provides an outflow area 2.4 of the 
inflow area as described later. The second and final stage is in . 
the conventional conical discharge nozzle also having an outflow 
area 2.4 of the inflow area for optimum performance. The casing 
channel at the end of the diffusers, because of the transfer of 
momentum opposite each diffuser, collects the fluid into a stream 
having a velocity distribution at the end of the last diffuser vane 
favorable to the recovery of pressure head in the expanding 
diffuser of the pump discharge nozzle. Experiments have indi- 
cated that the efficiency of a straight conical diffuser is greatly 
influenced by the distribution of flow at its inlet, and the best 
design of casing would have a well-distributed velocity relation 
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at this point. The diffuser-type casing offers the best possibil- 
ities in this regard. 

The initial design of diffuser casing prepared by the Bureau was 
on the basis of turbine draft-tube practice utilizing the principle 
shown in (b) of Fig. 27 herewith. The basic diffuser for both 
casings had a nominal outflow area of 2.4 of the inflow area which 
represents the optimum amount of negative acceleration which can 
be obtained in a single stage of diffusion, as determined when the 
change in momentum of the stream within a closed conduit 
exactly equals the change in pressure. The number of vanes 
placed around the casing was selected to obtain an optimum ratio 
of height to breadth of water passage at the outflow in conform- 
ance with the best practice in fluid mechanics. 

Two methods of balancing the pressure and discharge through- 
out the 360 deg of impeller periphery were investigated. The 
first casing provided for a variable amount of expansion in the 
diffuser ring with the greatest rate of expansion in the diffuser 
immediately following the tongue of the casing, because of the 
greater amount of friction head developed beyond this point. 
The estimated loss of pressure throughout the entire casing at 
rated capacity was approximately 2.20 ft, and therefore it was 
necessary to provide 2.20 ft greater recovery of velocity head in 
the first diffuser, as compared to the last diffuser. These adjust- 
ments were made on all vanes in a manner which would produce 
the same effective pressure around the periphery of the impeller 
thereby minimizing the amount of unbalanced hydraulic side 
thrust and creating substantially a uniform rate of flow through 
the various passages of the impeller. 

It is possible that the sudden change in pressure within the 
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casing, may be one of the contributing factors to excessive cavi- 
tation and vibration. A sudden change in velocity of flow through 
a pump impeller when created by a change in pressure would 
have a cavitational effect because of the presence of inertia similar 
to that of a vibrating column as used in commercial cavitation- 
testing apparatus. The favorable sigma value obtained with the. 
12-vane diffuser casing in the initial tests, where the pressure 
around the impeller was substantially uniform, lends support to 
this concept. 

Further investigations of the optimum design of diffuser casings 
resulted in the development of the method shown in Fig. 27(a). 
The purpose of this design is also to compensate for the losses in 
pressure head around the periphery of the impeller due to friction. 
The equalizing effect is accomplished within the casing proper by 
the transfer of momentum from the relatively higher velocity 
jets issuing from each consecutive diffuser to the slower moving 
fluid having been discharged into the casing from previous dif- 
fusers. This method may be compared to the transfer of mo- 
mentum and conversion to pressure of fluids as utilized in jet- 
pump designs whereby the momentum of one mass is transferred 
to a second mass having a lesser velocity in accordance with 
basic laws. The momentum theory states that 1, + M, = M3 
or Qi Vi + Q2 V2 = Q; V3, that is, the velocity after mixing 
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is illustrated in Fig. 27(a). 
The momentum transfer design of casing requires that the dif- 
ference in velocity head, as represented by the momentum and 
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pressure formula between each adjacent vane, will be equal to 
the friction head developed in the distance corresponding to J, 
as shown on the diagram of Fig. 27(a). This procedure differs 
from the one previously described in the respect that the re- 
covery of velocity head required to compensate for the loss of 
friction head in the corresponding section is created in the casing, 
whereas in the first design, the recovery was effected within the 
first-stage diffuser ring. 

After completion of the tests on the vanes with varying clear- 
ances between the impeller and diffuser entrances, the vanes were 
cut off at the discharge edge until the outflow area of all diffusers 
were equal. The test on the altered diffuser ring did not result in 
any noticeable change in pump performance, and it is concluded 
that the refinement resulting from variable length diffusers is not 
justified. The author has apparently come to the same conclu- 
sion as the illustrations indicate that all six diffusers of the final 
design are identical. Initial results did not indicate that the prin- 
ciple of the first design was important and the second lacks ex- 
perimental confirmation. The proposed methods, however, serve 
the purpose of arriving at a design of casing based on sound 
engineering principles. 

A casing designed to equalize the pressures around the pump 
impeller, independently of the friction developed within the cas- 
ing, has been designated as a “compensated” casing and differs 
from the conventional casing without a diffuser ring approxi- 
mately as shown in Fig. 27(c). Comparing the compensated 
casing, having an optimum amount of diffusion in the first stage 
with the casing described by the author, indicates that a proper 
design of 12-vane diffuser ring would require a somewhat larger 
casing than the conventional casing. It is likely that the differ- 
ence in performance between the 6 and 12-vane diffusers, as 
shown in Fig. 5 of the paper, may be the result of an inadequate 
amount of diffusion in the first stage, and to the small hydraulic 
channels external to the diffusers. Early experiments with rings 
of various diameters would indicate this possibility. 

The author refers to the difficulty of developing the desired 
pumping capacity under the wide range of effective heads re- 
quired for the Grand Coulee development. During the early 
stages of the preliminary investigations conducted by the Bureau, 
it was realized that this objective may not have been possible of 
attainment. Accordingly, the prime movers for the Grand Coulee 
pumps were purchased with provisions for variations in speed of 
15 per cent above and below normal so that the best speed for 
pump operation could be obtained. Results of the investigations 
made to determine the effect of a change in speed of the pumping 
unit on the steepness of the head-discharge curve are presented 
in Figs. 25 and 26 herewith. These data show that the steepness 
of the head-discharge curves may be affected appreciably by 
changing the speed of the unit. 

On the basis of the preliminary experiments, the specifications 
for the pumps required that satisfactory operation be obtained 
at constant speed throughout the full range of pumping heads. 
It was contemplated that the successful bidder would select char- 
acteristics whereby the rated speed of the unit was increased above 
the normal optimum speed in an amount which would result in 
the desired operating characteristics within the specified range: 
It was realized that the required performance would be obtained 
at an increase in cost of the pumping equipment since the capacity 
of the pump is lessened as its speed is increased. This, however, 
was considered to be a proper approach to the problem since it 
offered means of operating the pumps at synchronous speeds from 
commercial electrical distribution systems at all times. This 
flexibility was highly desirable because of the possibility of utiliz- 
ing excess energy for pumping which might be available from 
associated generating plants. It was also realized that some 
doubt would develop regarding the hydraulic performance ob- 
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tainable over such a wide range of head,.and the minimum ac- 
ceptable warranty of efficiency was lowered accordingly. 

The author has further explored the possibility of increasing 
the steepness of the head-capacity curve, as shown in Fig. 4 of 
the paper, where it is evident that an adjustment at the entrance 
edge of the diffuser considerably affects the steepness of the head- 
capacity curve. Some of the differences shown in this curve may 
be due to an increase in radial clearance between the periphery 
of the impeller and the entering edge of the diffuser vanes. 

In turbine practice it has been established that the clearance 
between the movable and stationary vanes should not be less 
than 4 per cent of the diameter of the runner at the vane tips. 
In the experiments conducted by the Bureau, a similar relation 
was found to exist for pumps. The first model tested used a 
diffuser vane having a clearance at the periphery of the impeller 
of approximately 3 per cent of the impeller diameter. The per- 
formance was erratic and generally unsatisfactory. The vanes 
were then cut back until a clearance of approximately 4 per cent 
of the impeller diameter was obtained, and satisfactory perfor- 
mance resulted. Further cutting of the vanes resulted in a loss 
in pump performance. 

The difference in the slope of the head-capacity curves shown 
in Fig. 3 of the paper, may be due in part to the influence of the 
volute and diffuser vanes upon. the characteristics of the flow as 
it leaves the pump impeller. It will be noted that the slope of 
the curve for the double-volute casing is somewhat more favora- 
ble than that of the fixed-vane diffuser casing. Best results are 
obtained with a fixed-vane diffuser if velocity traverses are first 
made to determine the exact angle of discharge from the impeller 
while it was being operated in a single-volute casing and the 
entrance to the diffusers designed to accommodate the actual 
measured angle of flow. It is not believed that the calculated 
angle is sufficiently accurate for the purpose of designing the en- 
trance to the diffusers. 

The wide range of development work described in the paper is 
the result of an interest in the Grand Coulee pumps and related 
engineering development work considerably beyond the require- 
ment for the manufacture of adequate pumping equipment. The 
author and his associates are to be highly commended for the 
professional attitude manifested in this important undertaking 
and the industry, as a whole, is indebted to this symposium for 
the presentation of the engineering problems and their solution 
in connection with the world’s outstanding pumping development. 


R. T. Knapp.> This is an exceptional paper, not only because 
it presents the performance of an exceptionally good pump, but 
also because it gives in detail the steps taken and the reasons for 
taking them in the design and development program that led to 
this very successful result. Both the author and his company are 
to be congratulated on their achievement and their farsightedness 
in making this technical information available to the engineering 
profession. The writer is confident that this policy of free ex- 
change of knowledge will prove to be of benefit not only to the 
engineering profession at large, but also to the individual organi- 
zations contributing to it. 

The writer would like to emphasize one point brought out by 
the paper. It should be remembered that the diffuser-case design — 
was selected for the Grand Coulee pumps, not for hydraulic 
reasons but to secure greater mechanical strength and lower cost 
of manufacture. These factors were of major importance in this 
installation, both because of the tremendous size of the pump 
units and also because of the exceptionally low cost of electric 
power for their operation. From an hydraulic point of view, it 
is nearly certain that if the double-volute design could have been 
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used, somewhat better performance characteristics would have 
been obtained; specifically, the head-capacity characteristic would 
have been somewhat steeper, and the average efficiency 
would have been slightly higher. Therefore, although this design 
of the Grand Coulee pump represents a sizable step forward in 
the development of the diffuser-case volute pumps, it does not 
mean that it will now become the cure-all for all pump problems. 
Diffuser-case pumps now simply join the ranks of good design, 
superior for some applications, of equal merit with different types 
for other installations, and inferior to other designs for still other 
requirements. 

It is interesting to note that the Grand Coulee pump departs 
quite radically from all previous diffuser-case designs employed 
in American and European practice. Although this design is de- 
scribed as a diffuser-case pump, it is truly a cross between the 
normal fixed-vane diffuser design and double-volute case. As 
such, it has some of the merits of both. One of the fundamental 
virtues of the double-volute type of design is that it establishes 
two symmetrical discharge zones around the periphery of the 
impeller, and thus creates automatically a balanced system of 
radial forces for all conditions of flow. The separating rib of the 
Grand Coulee pump divides the case very effectively into two 
symmetrical volutes, each containing two fixed diffuser vanes. 
This geometrical result is shown very clearly in Fig. 6 of the 
paper. Furthermore, Fig. 20 gives the measurements which 
show the effectiveness of this construction in securing low radial 
thrusts for all values of discharge. 

There is another aspect of this pump that deserves emphasis. 
Up until very recently most pumps, large or small, have been 
purchased from specifications which required given performance 
characteristics at one operating point only. Specifications might 
also request a certain general shape of the head-capacity curve 
and describe other desirable operating characteristics. Contrast 
this to the requirements for the Grand Coulee machine. Here 
the minimum capacities are specified at two widely separated 
heads. The minimum efficiency is specified at one of these heads 
and the maximum brake horsepower is specified at still a third 
head. Furthermore, the pump must operate over this entire 
head range with complete freedom from cavitation. It would 
seem that this represents a definite trend for the future require- 
ments which will be set up for large units. Such pumps are truly 
“tailor-made” to fit the measurements of the installation. The 
Grand Coulee pump is a fine example of how good a fit the manu- 
facturer can obtain for his customer with the help of a well- 
planned and executed design and development program. 

The writer must confess to some amusement concerning the 
dilemma in which both the manufacturer and the purchaser found 
themselves concerning the measurement of discharge head. The 
resulting solution might be called the triumph of specifications 
over good engineering judgment. As can be seen from the paper, 
the test results established quite clearly that for the velocity dis- 
tribution existing in the diffuser a short 10-deg diffuser followed 
by a length of full-diameter pipe was a little more efficient energy 
converter than the long 3-deg diffuser. Nevertheless, to meet 
the specifications the manufacturer is required to furnish a long 
diffuser and the purchaser to install it even though he thereby 
secures a slightly less efficient installation than if he had accepted 
the original design. This minor incident does not detract from 
the remarkably fine co-operation between the purchaser, the 
manufacturer, and the laboratory that existed throughout this 
successful development program. 


A. J. Srepanorr.® The testing program reported by the author 
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was initiated with the intent to find a better type of pump to meet 
special conditions of one particular installation. However, the 
problems investigated are of general interest and deal with the 
most intimate design features for which it is possible to build up 
a theoretical background and in this way to make results appli- 
cable to different types. . 

The following points are of particular interest to the writer: 
The first deals with the moot question of the impeller-inlet con- 
ditions. In a great majority of existing designs the impeller- 
inlet angles are “exaggerated,” or are considerably higher than 
those required for “shockless’’ entrance at the best efficiency 
point. The reason for such design can be traced to a quite com- 
mon misconception that exaggerated inlet angles improve cavi- 
tation qualities of the impeller. Although a larger area for the 
relative flow accompanies higher inlet angles, this may not pro- 
duce a greater flow for a fixed net positive suction head because a 
sizable portion of this area is not available to the flow on account 
of a bad (high) angle of attack. The author’s tests prove this. 
This has been known for some time to the leading pump manu- 
facturers.7 

On the entrance-velocity triangles A and B, Fig. 11 of the 
paper, the author selects the vane-inlet angles for the impeller 
eye and hub diameters in such a way that the two lines intersect 
on figure A about 14 deg to the right and on figure B, 16 deg to 
the left of the vertical axis, both at capacities corresponding to 
the head of 310 ft. This latter is not a best efficiency or design 
point. The objection to such an arrangement is that by allowing 
the same linear prerotation or the same tangential component of 
the absolute velocity (¢,) for two different diameters would re- 
quire a different angular velocity for these two streamlines. As- 
suming the same pattern of flow will extend to the center of the 
eye, this would result in an infinite angular velocity there. This 
is hard to visualize in view of a constant angular velocity of im- 
peller causing this prerotation. 

A much simpler pattern of flow and a simpler rule for layout of 
impeller-inlet angles is obtained if the two lines representing 
the impeller vane angles are made to intersect on the vertical axis 
shown in Fig. 28 herewith. Then a desired degree of prerotation 
is obtained by moving point of intersection D, or changing the 
ratio Pis/Cm1, Where Cm is the meridional velocity at the best 
efficiency point. This ratio can be established experimentally 
for different suction-nozzle designs. Thus for horizontally split 
double-suction pumps, this ratio, being a measure of the degree 
of prerotation, is within the limits 1.25 to 1.42. For pumps with 
end suction nozzle, like the author’s pumps, lower values should 
be used. If the velocity triangles in Fig. 11 of the paper are 
redrawn to comply with the foregoing method, and keeping the 
same angles at the impeller eye (28 deg for A, and 21 deg for B), 
the ratio Pis/¢m: = 1.41 for A, and 1.115 for Bare obtained. The 


7 The National Transit Pump and Machine Company, in its Bulle- 
tin 6000, 1947, p. 4, states that the minimum net positive suction- 
head requirement is accomplished by “using lowest practical im- 
peller-vane inlet angles’ and maximum impeller eye area. 
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angle at the hub will change from 48 to 44 deg for A, and from 33 
to 341/2 deg for B. The effect of such change on performance, if 
any, will be insignificant, but the method has the advantage of 
simplicity and a better theoretical reasoning. 

The physical meaning of the ratio Pis/¢m: is the ratio of “shock- 
less” capacity to the normal or design capacity Qs/Qn. The 
writer has shown in a previous publication’ that the best efficiency 
point always occurs at a capacity lower than the shockless 
capacity. The pattern of flow following from the described 
method of inlet-vane layout requires a constant angular velocity 
of prerotation at any capacity, which is the easiest thing to 
imagine and natural to expect. 

It should be realized that the impeller-inlet conditions play 
only a minor part in comparison to the impeller discharge in 
locating the shockless and normal capacity of the pump. 

A study of the discharge conditions from the impeller also is 
interesting and instructive. For this the writer has plotted the 
best efficiency points of the tests from Figs. 10 and 18, on the 
writer’s chart of centrifugal-pump characteristics? (Fig. 29 of this 
discussion). On this, heads and capacities appear in dimension- 
less form, (points #, I’, G, H), and actual discharge-velocity 
triangles are obtained by joining these points with points A and 
O. All velocities appear on this chart as ratios to the impeller 
peripheral velocity at discharge. From inspection of this figure 
the following can be stated: 


1 The points plot very closely on the respective lines of the 
discharge angle 62, the two high angle points fall slightly above 


8 “Centrifugal and Axial Flow Pumps,’ by A. J. Stepanoff, John 
Wiley & Sons, Inc., New York, N. Y., 1948, p. 173. 
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their respective lines. The latter could be expected as the per- 
formance of the author’s pumps is better than those for which 
the chart was intended (best commercial pumps). 

2 The absolute discharge velocity angle a2’ measures 13 deg. 
As far as can be ascertained from the small-scale drawings of the 
paper, the angle of the mean line of the diffuser vanes in B of 
Fig. 4 is approximately 13 deg. 

3 Note that all points fall on the same line of c2’ (13 deg from 
the axis of heads), indicating that the peak-efficiency point is 
determined by the pump casing, which was the same for three 
impellers. If the casing were to be changed to suit the impeller- 
discharge angles, points would follow the constant specific-speed 
line, which is associated with a given impeller profile. 

4 The absolute velocity at the impeller discharge for the point 
G (test Fig. 13) scales 0.525, which corresponds to 0.525 X 146.3 
= 76.8 fps absolute velocity (uz = 146.3 is the peripheral velocity 
at discharge). The average velocity at the diffuser inlet is calcu- 
lated to be c; = 54.8 fps. Some time ago the writer had prepared 
a curve, reproduced in Fig. 30 herewith, of what was called 
‘volute velocity distribution factor” ¢;/c2’ = R.3. For the point 
G this factor is 54.8/76.8 = 0.713 which falls on the curve in 
Fig. 30. 
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The casing velocity-distribution factor represents the ratio of 
the average velocity in the volute or diffusion-vane casing to the 
maximum velocity at the impeller discharge. This latter is given 
approximately but very accurately by the writer’s chart, Fig. 29. 

The pump casing as finally adopted, with 6 vanes, was in- 
tended to provide mechanical strength to the casing and thus 
reduce its size and weight. Hydraulically the casing is equivalent 
to a double volute—with an addition of 4 guide vanes. With a 
diffusion angle of 40 deg in the radial plane (profile) and a small 
vane overlap, the 6-vane casing does not make a good diffuser. 

The beneficial effect of the “rib” on the velocity distribution, 
Fig. 6(a), and efficiency, Fig. 7, can be observed on any double- 
volute pump as compared with single volute. In other words, 
hydraulically the 6-vane casing has no advantage over a double 
volute. 


B. L. VanperBorcu.'!© The extensive and painstaking re-’ 
search necessary to design pumps of this magnitude becomes 
evident when the testing-program results are released. The 
author is to be commended for his clear presentation of valuable 
data. 

Comments by the author on several points would be enlighten- 
ing. It would be interesting to compare tests made with the 


0 Hydraulic Division, Newport News Shipbuilding and Dry Dock 
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_ smooth pump casing with those of the segmented casing to learn 


of the degree of difference in frictional losses between the two. 
It is noted the specifications permitted lengthening the pump- 
discharge nozzle beyond the original location, with a resulting 
gain in efficiency and head when pressure readings were taken 
farther downstream. This increased length was not allowed in 
testing the Granby pump models, and so, with due allowance for 
the difference in specific speeds and casing design, a comparison 
of test results is difficult. It is strongly urged that the recommen- 


- dations of the Hydraulic Institute be followed in locating dis- 


charge piezometer connections. Pumps then would be allowed to 
develop their full heads and test results would be comparable. 

In Fig. 6 of the paper the overlap of the diffuser vanes appears 
to be about 25 per cent of the vane length. This is a relatively 
short distance to allow for diffusion, and the reasoning that the 
water is more guided than diffused seems proper, for the figure 
also shows a rather rapid enlargement between vanes. Com- 
ments as to the percentage of velocity decrease in this diffusion 
area would be of interest. 

It is noted in Fig. 16 of the paper that the point of discon- 
tinuity lies outside the operating range. This instability occurs 
at about 2 per cent above the high head condition and extends 
over a fairly broad range. A margin of 2 per cent appears rela- 
tively slight when it is considered that a surge of approximately 
200 cfs is involved. 

It is believed that data were taken well below the 270-ft head 
condition, but the H-Q test curves are not completely shown. 
Perhaps the author will describe the shape of the H-Q curve below 
270 ft head and mention where cutoff occurred. 


AUTHOR’S CLOSURE 


The Bureau of Reclamation took an active part in the pre- 
liminary Grand Coulee model-testing program and also developed 
the first diffuser-type casing, so Mr. Winter’s comments are 
therefore of particular interest and his discussion a valuable 
addition to this paper. 

Mr. Winter suggests that a larger diffuser case with a greater 
diffuser expansion should reduce the unstable portion of the per- 
formance curve near the high-head condition shown in Fig. 3 
of the paper. The author ran performance tests with the same 
impeller in two 6-vane diffuser cases, which had the same dif- 
fuser-vane entrance area but different ratio of the diffuser-vane 
inlet-to-outlet area. This ratio was 1.5 for a small case, the same 
as used in the final model for Grand Coulee, and 2.5 for a large 
case. The performance with the large case did not show any 
noticeable improvement in the unstable head-capacity range 
over the small case. The pump efficiency, however, as mentioned 
in the paper, was slightly higher for the pump with the large 
case than for the smail case, and about equal to the pump effi- 
ciency obtained with the small case furnished with the separating 
rib. However, the weight of the large case was 25 per cent heay- 
ier than the small case. 

The two types of diffuser-vane designs, investigated by Mr. 
Winter, to develop even pressure distribution around the impeller 
periphery have a great deal of merit. His reasoning, however, is 
based upon the assumption that the outlet velocity from the dif- 
fusers and the velocity in the volute sections are uniform. Actual 
measurements show uneven velocity distribution at the end of 
the volute discharge cone (see Fig. 8 of the paper), and the ve- 
locity distribution between the diffuser vanes shows a greater 
variation. It is therefore difficult to suggest a diffuser-vane 
design which will give balanced pressure distribution around the 
periphery before this uneven velocity type of flow has been further 
explored. 

The effect of change of speed on the steepness of the perform- 
ance curves, shown in Fig. 25 and Fig. 26, gives the mis- 
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leading impression that the slope of the performance curve 
could easily be changed. These curves are calculated from the 
same model performance by changing the size model ratio, 
which means operating the model at different. speeds to meet 
the same operating point. This, in reality, is nothing more than 
moving the operating point up and down the same performance 
curve. ‘Thesmaller pump at higher speed would move the oper- 
ating point down on the performance curve and result in a 
steeper performance curve, but with reduced pump efficiency at 
the 310-ft operating point (see Fig. 16). A larger pump at lower 
speed would move the operating point up on the performance 
curve and improve the pump efficiency at the 310-ft operating 
point, but the high-head point would move closer to the un- 
stable portion of the head-capacity curve. 

The author agrees with Dr. Knapp that the Grand Coulee 
type diffuser casing has no hydraulic advantage over the double- 
volute case, but is hydraulically inferior. Unquestionably, the 
double-volute case will remain the practical and best solution 
in most pump designs, and the division line between it and the 
Grand Coulee type case will be determined by various factors, 
such as, size, test pressure, number of units involved, and others. 
Dr. Knapp’s complimentary remarks, which clear up further 
some of the problems posed by the condition of operation of these 
pumps, are greatly appreciated. 

Dr. Stepanoff shows a suction-vane layout, which has a better 
theoretical background than the one used by the author, if we 
suppose uniform radial velocity approach in the impeller eye 
at all capacities. In the design of entrance-velocity diagrams, 
consideration should be given to the uneven flow distribution in 
the impeller eye, which is of greater variation than measured at 
the suction flange, shown in Fig. 21 of the paper. The author 
agrees that the minor differences in vane angle arrived at by 
Stepanoff’s and the author’s procedure will have no significant 
effect on the performance. 

The author feels gratified that the model-test results and pump 
proportions are in agreement with Stepanoff’s excellent charts. 
The author objects to the quotation that the minimum suction- 
head requirements are obtained by using lowest practical im- 
peller-vane inlet angles and maximum impeller-eye area. While 
the word, ‘‘practical’’ somewhat excuses the statement, it is well 
known to designers that the cavitation depends on the absolute 
inlet velocity which is the vector sum of peripheral and radial 
velocity, and that there is a ratio of these two velocities at which 
the cavitation will occur at the minimum head. 

The pump casing as finally adopted is not equivalent to a 
double-volute case with additional guide vanes as claimed by 
Dr. Knapp and Dr. Stepanoff, but must be considered as a dif- 
fuser-type case with a dividing rib. The main purpose of a 
double-volute-case design is to balance the radial forces acting on 
the impeller, and therefore all volute sections 180 deg apart in a 
double-volute case are identical in area and shape. In the 
separating-rib-type case, however, the final volute sections 180 
deg apart differ materially in shape with a half-circle shape in 
one, and a trapezoid shape in the other. 

The last paragraph in Dr. Knapp’s discussion is an excellent 
answer to Mr. VanderBoegh’s remark regarding the length of the 
discharge cone. The author strongly supports Mr. Vander- 
Boegh’s recommendation that pump specifications should be 
based upon the Standards of the Hydraulic Institute and no 
deviations allowed. 

The diffuser-vane length is determined by the chosen pump- 
case size or the ratio of diffuser-vane inlet-to-outlet area. A ratio 
of 1.5 was used in the diffuser-case design finally adopted, and 
the total diffuser-vane cone angle in the direction of flow was 12 
deg, which is somewhat larger than the 8 deg recommended for 


uniform flow. In pump cases where the flow is far from uniform, 
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tests with cases having a total discharge-cone angle of 15 deg, 
have given the same pump efficiency as cases with 8 deg. 

The instability in the head-capacity curve is admittedly close 
to the high-head operating point, but it is difficult to determine the 
percentage of safety required to guard against surges. The 
model development accomplished two major improvements in 
this respect: (1) It moved the unstable portion of the horse- 
power curve further away from the high-head point. (2) It 
eliminated the dip in the head-capacity curve, and thereby pre- 
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vented the pump from passing over a hump in the performance in 
case of a major surge. 

Test data were taken for heads as low as 200 ft with 145 ft 
NPSH at the pump suction, and the head-capacity curve con- 
tinued on the smooth curve without a sign of instability or cut- 
ofk-ayere 

In conclusion, the author wishes to thank the discussers for 
their encouraging comments and valuable contributions to this 


paper. 
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Heat-Conduction Errors in 


Temperature Measurements 


By L. E. SMITH,! WATERBURY, CONN. 


In practical applications of temperature measurements 
where the temperature-sensitive bulb assembly is fastened 
rigidly to a containing vessel, heat-conduction errors must 
be considered in order to determine the accuracy of the 
indicated or recorded temperature. This paper presents 
for various thermometer-bulb assemblies, the experi- 
mental magnitude of the heat-conduction error possible 
in a medium with a low heat-transfer coefficient (air), 
and in a medium with a high heat-transfer coefficient 
(water). The effect of heat-conduction error on the over- 
all response in simulated practical installations is dis- 
cussed. It is shown that comparative information on re- 
sponse action of any type of temperature-sensitive element 
necessitates careful considerations of the condition of 
attaching the element to a wall or vessel, where heat- 
conduction effects are present. 


PRACTICAL CONSIDERATIONS 


N practical applications of temperature-measuring instru- 
ments, it is desirable that the temperature of the medium be 
indicated or recorded accurately and promptly, despite varia- 

tions of the temperature outside the vessel containing the medium. 
In many applications, the measuring bulb, by means of a union 
connection, is fastened rigidly into a threaded bushing which is 
attached permanently to the containing wall. A supporting non- 
sensitive extension for the bulb usually separates the sensitive 
portion from the union connection, Fig. 1. For other appli- 
cations, the bulb is inserted into a protecting well, Fig. 2, and for 
convenience of removal it is necessary that the bulb be smaller 
than the inside diameter of the well, resulting in an air gap be- 
tween the bulb and the well. A liquid or metallic filler may be 
interposed between them, but in all cases, the transfer of heat 
from the medium to the sensitive portion of the bulb is retarded. 

The primary requirement in measuring temperature is to trans- 
fer heat from the measured medium to the fluid inside of the sensi- 
tive portion of the bulb in the shortest possible time. It is also 
required that a minimum amount of the heat available from the 
measured medium must be lost to the union connection and 
vessel walls by way of the bulb extension. Where a well is used, 
the condition is aggravated because heat will also escape by way 
of that portion of the well which surrounds the bulb extension. 
The accuracy of measurement for a given application under a 
steady state of heat flow will be dependent upon the amount of 
heat lost to the union connection and the well head in a unit time. 
In the majority of cases, the temperature around the thermometer 
head will change with time, causing a change in the rate of heat 
loss. This change in heat flow will also influence the indicated 
temperature reading, an effect particularly emphasized in in- 
stallations where the measured medium has a low heat-transfer 
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value, such as flowing gas or air. Here, too, the over-all rate of 
response of the thermometer bulb will be seriously affected. 

Others have written papers on response characteristics of ther- 
mometer elements (1, 2, 3)? and heat-conduction effects (4, 5). 
The object of this paper is to present experimental data simulat- 
ing practical applications, to indicate the magnitude of heat-con- 
duction errors, and to show how heat conduction influences the 
response time of thermometer bulbs. Means for improving the 
over-all performance of an installation are studied. Filled-system 
thermometer assemblies are utilized in this investigation, but 
similar results will be obtained with resistance-bulb or thermo- 
couple assemblies. 


Test EQUIPMENT 


The thermometer system used in the tests was liquid-filled, and 
consisted of a union-connected bulb, Fig. 1, which was connected 
to the recording Bourdon-spring element by 10 feet of capillary 
tubing. The spring element was installed in a regular recording- 
thermometer case, and readings recorded on a 12-in-diam chart 
driven by a clock mechanism. This system was of the fully com- 
pensated variety, so that changes in ambient temperature of the 
capillary tubing or spring element had no effect on the recorded 
reading. 

In the case of the union-connected bulb with bushing, all heat- 
conduction loss is through the extension, and the factors which 
affect the rate of heat loss from the sensitive portion of the bulb to 
the head and bushing for a given application are as follows: 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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(a) The thermal conductivity of the material of the extension; 
(6) the cross-sectional area of the extension; (c) the length of the 
extension. In the tests, the following combinations of bulb and 
extension were used (extension was 11/2 in. long in all cases; 
see Fig. 1, for actual dimensions): 


1 Copper bulb, with !/s-in-OD X 0.155-in-ID copper exten- 
sion. 

2 18-8 stainless-steel bulb, with 1/¢in-OD X 0.155-in-ID 
18-8 stainless-steel extension. 

3 18-8 stainless-steel bulb, with 1/;-in-OD X 1/,-in-ID 18-8 
stainless-steel extension. 


When the bulb is installed in a well, the heat loss is the total 

_ through the portion of well surrounding the extension, and 
that through the extension. The design factors which affect the 

rate of heat loss from the body of the well surrounding the sensi- 

tive portion of the bulb are the same as for the bulb extension. In 

the design of the well it is possible to increase the external area of 

the surface exposed to the medium to improve the rate of heat 

flow. The following combinations were used to determine the 

effect of the various factors (see Fig. 2 for well designs): 


1 Copper bulb with 1/.-in-OD xX 0.155-in-ID copper exten- 
sion in (a) a finned aluminum well with 0.142-in. wall; (b) a finned 
18-8 stainless-steel well with 0.142-in. wall. 


2 18-8 stainless-steel bulb with 1/s-in-OD > 0.155-in-ID 18-8 
stainless-steel extension in (a) a finned aluminum well with 0.142- 
in. wall; (b) a plain aluminum well with 0.142-in. wall; (c) a 
plain aluminum well with 0.045-in. wall; (d) a finned 18-8 stain- 
less-steel well with 0.142-in. wall; (e) a plain 18-8 stainless-steel 
well with 0.142-in. wall; (f) a plain 18-8 stainless-steel well with 
0.045-in. wall. 

3 18-8 stainless-steel bulb with 1/s-in-OD X /yyein-ID 18-8 
stainless-steel extension in (a) a finned aluminum well with 0.142- 
in. wall; (6) a plain aluminum well with 0.142-in. wall; (c) a 
finned 18-8 stainless-steel well with 0.142-in. wall; (d) a plain 
18-8 stainless-steel well with 0.142-in. wall; (e) a plain 18-8 stain- 
less-steel well with 0.045-in. wall. 


The heat-conduction apparatus used to determine the perform- 
ance of the bulb and well assemblies is shown in Fig. 3. It con- 
sists essentially of a copper plate provided with a pipe thread for 
holding the well or the bushing for the union-connected bulb. A 
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thermocouple was imbedded in the copper plate, the temperature 
of which was recorded continuously and controlled by a recording- 
potentiometer input controller. Heat was supplied by a resist- 
ance coil, and the temperature of the plate was varied by adjust- 
_ ing the set point of the controller. The plate-and-coil assembly 
was fastened rigidly inside of a monel tank. The complete unit 
could be handled easily and moved from one water bath to an- 
other, or quickly placed in the air chamber, as shown in Fig. 3. 
The air chamber was used for studying response action and 
heat-conduction errors of the various thermometer-bulb assem- 
blies in a flowing air medium. It consisted of a long piece of brass 
pipe connected rigidly to an upper chamber which housed the 
heat-conduction apparatus. The air chamber was heated to a 
constant temperature by first passing the air through 5/;¢.-in- 
diam coiled copper tubing submerged in a controlled water bath 
and then bleeding it into the chamber through a number of small 
holes in the tubing. The flow rate was controlled by measuring 
the pressure drop across a calibrated orifice, and the velocity of 
air past the inserted bulb or well in the chamber was calculated. 
Air chambers were installed in each of two adjacent water 
baths, one bath being held at 70 F, the second bath at 120 F. 


EXPERIMENTAL PROCEDURE 


The tests were conducted in water, a medium with high heat- 
transfer coefficient, and air, a medium with low heat-transfer ¢o- 
efficient. in the water-medium tests, the heat-conduction appa- 
ratus was placed in the cold bath with the monel tank partly sub- 
merged. Sufficient time was allowed for the heat-conduction 
plate and bulb to reach their equilibrium temperature con- 
ditions. The apparatus was then transferred quickly to the hot 
bath, and equilibrium conditions again reached. Time-tempera- 
ture curves of the bulb-assembly response were obtained on the 
recording thermometer, and similar curves for the copper con- 
duction plate were obtained on the recording-potentiometer con- 
troller. The temperature of the heat-conduction plate was then 
raised about 50 deg F by connecting the heating unit to the con- 
troller, and equilibrium conditions were again reached. The re- 
corded change in the temperature of the bulb assembly was noted 
for the temperature change of the heat-conduction plate. The 
change in bulb temperature due to 1 deg change in plate tempera- 
ture is called the “extension conduction error,” a term which will 
be used throughout this paper. 

In the air-medium tests, the heat-conduction-plate apparatus 
with bulb assembly, installed in the air-chamber unit, was located 
in the cold-water bath. Response of the bulb assembly in air at a 
given velocity was determined by transferring the heat-con- 


duction-plate apparatus from the cold-air chamber to the hot-air 
chamber. The procedure was identical with that in the water- 
bath tests, except that the temperature of the heat-conduction 
plate was raised in 20 F intervals to provide additional points 
on the extension conduction-error curve. " 

In addition to the foregoing tests, the response of the various 
bulb and well combinations in the water bath and air bath was ob- 
tained in the usual way without the heat-conduction apparatus, 
that is, by moving the unattached bulb assembly from one bath 
to the other. In the air bath, a third method of obtaining re- 
sponse was utilized. The heat-conduction plate was heated up 
to the hot-air temperature prior to the insertion of the heat- 
conduction apparatus from the cold-air chamber to the hot-air 
chamber. It remained in the cold-air chamber until tempera- 
ture equilibrium was obtained. Extension conduction effect on 
the response action was thus obtained from heat flowing into the 
sensitive portion of the bulb. 


Data DeriveD From TrEsts 


Water-Bath Tests. The response time for a 63.2 per cent change 
(1) (called time constant or time lag), a 90 per cent change, and 
the heat-conduction factor are tabulated in Table 1 for an agi- 


TABLE 1 PERFORMANCE OF UNION-CONNECTED BULB AS- 
SEMBLIES IN AGITATED WATER? 
-—Response time, see—~ 
3.2 90 Extension Heat- 
Per cent Per cent conduction conduction 
Well used change change error apparatus 
f14 31 0.010 Yes 
INGE otic a crersions {14 31 No 
Binnedlnja...e2e0cscas te 132 0.050 Yes 
aluminum 57 120 No 
IPAS ONIN Gun orsicecuet Bhd Big 63 132 0.056 Yes 
aluminum, (5 120 No 
0.045-in. wall 
Plaine ea erent ites 78 175 0.059 Yes 
stainless steel, fn 152 No 
0.045-in. wall 


4 1/sin-OD X 0.155-in-ID stainless-steel extension. 


tated water-bath medium. The complete response actions of the 
bare bulb and the various bulb and well combinations are shown 
in Fig. 4. It should be noted that data include tests made both 
with the assembly attached and not attached to the heat-conduc- 
tion plate. In all these tests a stainless-steel bulb with a 1/,-in- 
OD X 0.155-in-ID stainless-steel extension was used. 

It is seen that with a bulb assembly immersed in a fluid with a 
high heat-transfer coefficient such as water: 


1 The heat-conduction plate has no effect on the response of 
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the union-connected bulb assembly with bushing whose exten- 
sion-conduction error was very low. 

2 The heat-conduction plate has only a small effect on the re- 
sponse of the union-connected bulb assembly with well. The 
response action is slowed down about 10 per cent when the 
heat-conduction apparatus is used, 

3 The material of the well has some effect on the response, the 
response depending upon the thermal conductivity and heat capac- 
ity of the well material. 

4 The use of fins on a well, as applied and designed here, does 
not improve the response or materially affect the conduction 
error. 

5 The use of a well produces an extension conduction error 
which is practically independent of the material of the well. 

6 Extension conduction errors are negligible for a bulb with a 
stainless-steel extension immersion of 1!/2 in. installed in a 
bushing. 


In order to check the extension conduction effects obtained 
with the heat-conduction apparatus, a separate installation was 
made by inserting the well in a bushing welded into the sheet- 
metal side of the water bath used for the tests. With the bulb 
installed in any of the listed wells, the recorded reading after 
equilibrium conditions were obtained was */, F lower than the 
reading with the bulb suspended at the same position in the bath, 
but not rigidly connected to the metal side. The temperature of 
the exposed head of the well was 105 F, while the water bath itself 
was 120 F. This gave an extension conduction error of 0.05, 
which agreed with the results obtained with the heat-conduction 
apparatus. 

It is thus apparent that even in the best of heat-transfer media, 
the bulb assemblies must be considered carefully. In applica- 
tions where the length of the extension is shorter, the cross- 
sectional area of the extension is greater, or the extension material 
has a higher heat conductivity than the design tested, the exten- 
sion conduction error will be greatly increased. This condition 
will be greatly aggravated in poor heat-transfer media, as shown 
in the following discussion on results in the air bath. 
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Air Bath Tests. The extension conduction errors obtained with 
different union-connected bulb assemblies and varying plate tem- 
peratures are shown in Fig. 5, for an air velocity of 250 fpm. 
The relationship between plate temperature and extension con- 
duction error is found to be linear. The following conclusions are 
possible for the various bulb assemblies with well: 


1 The worst combination is a bulb with a good conducting 
extension (copper) and a good conducting well (aluminum). A 
1.7 F change in the plate temperature causes a 1 F change in bulb 
reading, or 0.59 extension conduction error. 

2 If the well material only is changed to a less conducting 
material (stainless steel) a small improvement is noted; 0.50 ex- 
tension conduction error. 

3 If the extension material is changed to a less conducting 
material, the improvement is more marked; 0.37 extension 
conduction error. 

4 If both the extension and well materials are changed to less 
conducting materials, the improvement is outstanding, with the 
extension conduction error decreased to 0.11. This combination 
would be a desirable one for practical installations. 


In considering bulb assemblies with bushing, in which the bulb 
is directly exposed to the air medium, the following is observed 
from Fig. 5: 


1 With the 1/s-in. copper extension, the extension conduction 
error is 0.17. Thus this bulb alone produces a greater error than 
that obtained with the best bulb assembly with well combi- 
nation in item 4 of the foregoing conclusions. 

2 If the extension is changed to !/,-in. stainless steel, the ex- 
tension conduction error is decreased to 0.071. 

3 If the cross-sectional area of the stainless-stee] extension is 
decreased by use of 1/s-in-OD X 1/,-in-ID instead of !/,-in-OD 
X 0.155-in-ID material (area ratios of 1 to 3), the extension 
conduction error can be reduced to 0.048. 


A series of tests were made on wells to study the effect of fins, 
and also of the thickness of the well wall on the extension con- 
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duction errors (see Fig. 6, for data.). The following conclusions 


ean be made: 


1 Removal of the fins from the well increases the extension 
conduction error. In the case of the aluminum well, the exten- 
sion conduction error is increased from 0.33 to 0.50; for the stain- 
less-steel well, from 0.083 to 0.132, 

2 A decrease in the wall thickness of the stainless-steel] wel! 
from 0.142 to 0.045 in. decreased the extension conduction error 
from 0.132 to 0.091. 


It should be mentioned that a change in the cross-sectional area 
of the stainless-steel extension from !/s-in-OD X 0.155 in. ID to 
1/in-OD X 1/j.-in-ID produces a decrease in the extension- 
conduction error from 0.11 to 0.083, when the bulb is used with 
the stainless-steel finned well. 

Responsein Air. In Fig. 7 the response of the union-connected 
bulb assembly with bushing and wells is shown. A bulb exten- 
sion of !/s-in-OD X 1/,».-in-ID stainless-steel material was used 
in all cases. The actual temperature of the heat-conduction- 
apparatus plate is also plotted with time for the given response 
runs. In this part of the test, the plate was allowed to heat up 
from the natural flow of heat from the well and bulb. 

In Table 2, data taken from Fig. 7, are tabulated. Also shown 
is the 90 per cent response time of the same assemblies obtained 
with the heat-conduction-apparatus plate heated initially to the 
temperature of the hotter air bath before beginning the response 
test, and with the bulb assembly being moved from one chamber 
to the other without the use of the heat-conduction-apparatus 
plate. 

From Fig. 7 and Table 2 it is seen that: 


1 The less the extension conduction error, the better is the 
response action. 

2 The greater the extension conduction error, the faster does 
the heat-conduction-apparatus plate heat up. This is to be ex- 
pected, as more heat flows up the well wall and the extension per 
unit time. 

3 The response of a bulb assembly when immersed directly 
from one bath to another is much better where heat conduction 
can be disregarded than where heat conduction can function. 
The divergence between the two methods of obtaining response 
action is more marked for a poorly designed bulb assembly. 


CONCLUSION 


This paper has attempted to show the advisability and the ne- 
® cessity of considering the complete design of any type of a tem- 


TABLE 2 PERFORMANCE OF UNION-CONNECTED BULB 
ASSEMBLIES IN AIR AT 250 FPM4 


—Response time, min— 
63.2 9 


Extension Heat- 
per cent per cent conduction conduction 
Well used change change error apparatus 
2.5 5.7 0.043 Yes 
INONC scans eee cers 6.0 Yes—Heated 
5.8 No 
Plain 16 58 0.50 Yes 
aluminum, 5.6 Yes—Heated 
0.142-in. wall | 15 No 
Plain (Sin 25 0.13 Yes 
stainless steel, { 11 Yes— Heated 
0.142-in. wall 15: No 
Plain 3.5 13 0.091 Yes 
stainless steel, 9 No 
0.045-in. wall 


@ 1/s-in-OD X !/16-in-ID stainless-steel extension. 

Nore: Under heat-conduction apparatus, ‘‘Yes—heated”’ refers to the 
condition where the conduction apparatus was heated before moving the 
assembly from the cold bath to the hot bath. 


perature-measuring bulb from the viewpoint of extension con- 
duction errors, rather than from the response action of a bulb or 
bulb-and-well combination, as ordinarily obtained by simply 
moving the bulb or bulb assembly from one bath to another. 

In the case of a measured medium with a good heat-transfer 
coefficient, this common way of obtaining the response character- 
istic is generally acceptable. However, designs are possible 
where there may be considerable heat transfer, resulting in large 
extension conduction errors. This is true in a design with no ex- 
tension between the sensitive portion of the bulb and the union 
connection, or where a short extension has a large cross-sectional 
area and is composed of a good heat-conducting material. 

In a poor heat-transfer medium, the usual way of obtaining the 
response characteristic is not advisable, unless one knows that 
heat-conduction effects are negligible. Extension conduction 
errors may be very large in many industrial applications, particu- 
larly where it is necessary to use a protecting well. Comparative 
response actions in practical applications may be entirely different 
from those obtained by the customary laboratory methods. 

In general, it is recognized that the lowest extension-conduction 
error can be realized by the proper selection of material, a mini- 
mum cross-sectional area of the well and the connecting extension 
of the bulb, and a maximum length of the extension between the 
sensitive portion of the bulb and the union connection to the well. 

Too often, a thermometer system is condemned as having cali- 
bration error, or not being propertly compensated for ambient- 
temperature changes. This observation may be based upon a 
check with a mercury-in-glass test thermometer placed in another 
well with an extension conduction error which may be much differ- 
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ent from that of the recording thermometer bulb-and-well in- 
stallation. The discrepancy noted may be the result of exten- 
sion conduction errors, and will vary with the ambient tempera- 
ture. On the other hand, an agreement between the mercury-in- 
glass thermometer and the tested thermometer system does not 
necessarily mean accurate calibration, as they may possess similar 
extension conduction errors. It is necessary to know the magni- 
tude of the extension conduction error of the test thermometer in 
order to determine the exact performance of the measuring- 
thermometer system. 

The best way to overcome the effects of heat conduction is the 
familiar method of covering the thermometer head and its con- 
taining vessel with insulation so that the head remains at the 
approximate temperature of the measured medium and will not 
change measurably with ambient-temperature changes. 

This paper has touched upon the high lights of the variables 
which result in heat-conduction losses, and has not attempted to 
consider errors due to other effects such as radiation. Such errors 


would be added to those from heat conduction to give the over-all 
errors. Also statements made are based upon a given immersion 
assembly; for a different immersion, the relative performance 
may be altered. 
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Fatigue Tests on Flanged Assemblies 


By A. R. C. MARKL! ann H. H. GEORGE,? LOUISVILLE, KY. 


Qualitative differences between the various types of pipe 
flanges in common use have long been recognized, but 
their quantitative evaluation in terms of rules, formulas, 
or ratings which could be used as a guide by the practicing 
engineer has been accomplished only partially. Two 
problems are involved, i.e., the determination of the 
strength and tightness of a flanged assembly under in- 
ternal pressure, and the other the effects of the variable 
bending moments associated with mechanical vibrations 
or temperature fluctuations of the flowing medium or 
surrounding atmosphere. The present investigation is 
intended to contribute toward an understanding of the 
latter phase; stress-intensification factors are reported 
which have been obtained from fatigue tests of full-scale 
assemblies of 4-in. flanges of the 300-lb ASA pressure class 
and hence are directly applicable to piping flexibility 
calculations. 


INTRODUCTION 


F LATE, a growing demand for a more complete under- 
standing and detailed evaluation of the components en- 
tering into the design of pressure containers and piping has 

made itself felt. In the pressure-vessel field, this has led to the 
formation of the Pressure Vessel Research Council which already 
has produced valuable information on the magnitude of local 
stresses at shell-to-head junctions and other related problems. In 
the piping field, evidence of the same trend is to be found in the 
efforts of a special subgroup of Subcommittee 3 of ASA Sectional 
Committee B16 to define more closely the limitations of the 
commonly used types of pipe flanges and to differentiate between 
their pressure ratings. 

The pressure-vessel flange problem is primarily one of statics 
and involves an evaluation of the interaction of bolt extension, 
gasket compression, and flange rotation under the effects of an 
applied bolt load and internal pressure, as it affects flange stress 
and, perhaps more significantly, joint tightness. For flanges 
forming part of a piping system, an additional, dynamic problem 
arises, namely, that of evaluating the useful life of assemblies 
subject to cyclic bending moments caused by mechanical vibra- 
tions or thermal changes. 


Scorge or TESTS 


The investigation reported herein relates to the latter aspect of 
the problem. While it has been initiated with the express pur- 
pose of assisting ASA Committee B16 in its difficult task of defin- 
ing the proper uses, ratings, and limitations of different flange 
types, at the same time it is to be considered as part of a com- 
prehensive fatigue-testing program on full-scale piping assemblies 
undertaken by the authors’ company as a service to the industries 
which use its products. 

Cyclically reversed bending tests were carried out on assem- 
blies involving the following types of commonly used flanges: 


1 Chief Research Engineer, Tube Turns, Inc. 

2 Research Engineer, Tube Turns, Inc. 
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(A) Slip-on flanges. 

(B) Socket-welding flanges. 

(C) Welding-neck or butt-welding flanges. 
(D) Ring flanges. 

(E) Lap-joint flanges. 

(F) Threaded flanges. 


Wherever different methods of attachment could be visualized, 
their influence on the life of the assembly was explored separately. 
For instance, in the case of slip-on flanges, not only were two types 
of double-welded designs tested, but separate runs were made with 
a hub weld only and a face weld only, to determine their relative 
contributions to the endurance strength of the assembly. In the 
case of socket welding flanges, similar investigations were carried 
out and, in addition, an attempt was made to evaluate the effect 
of the relative proximity of front and back welds; also to find out 
whether any significant differences in strength are evident where 
the pipe is butted against the bottom of the socket as compared 
with a loose assembly leaving a gap at the end of the pipe. In the 
case of threaded flanges, some assemblies were made up with nor- 
mal thread engagement, and others with the pipe threaded 
through the flange and refaced. Every one of the basic variants 
is illustrated in Fig. 1. 

All the assemblies involved in the main test series were made 
using 4-in. carbon-steel flanges of the 300-lb ASA pressure class 
and standard weight (Schedule 40) pipe, all welding being done 
by the Heat and Power Corporation, Baltimore, Md., employing 
welders qualified by The Hartford Inspection and Insurance 
Company. 

Supplementary tests were run with some of the same types of 
assemblies, but using ordinary experienced welders who had 
been instructed expressly to deposit the minimum amount of 
welding which might be considered as passing the requirements 
of Section VIII of the ASME Boiler Construction Code, the 
express purpose being to widen the range of the test data and 
assure that any values derived for design use would be reasonably 
conservative. 

A further supplementary test series, restricted to slip-on and 
welding neck flanges, was run with pipe of 0.080 in. wall thickness 
to obtain an idea of the size effect; this test series, besides provid- 
ing direct information on assemblies involving 4-in. light-wall 
pipe, also might be considered as a model test of, say, a 12-in, 
flange attached to standard-weight pipe. 


MATERIALS AND PREPARATION 


All assemblies were of 4-in. nominal size, the flanges being 
made of forged steel and conforming to the 300-lb American 
Standard, and the pipe and lap-joint stub ends to standard 
weight (except for the supplementary tests on lightweight pipe 
referred to previously). Dimensional and materials information 
on these components is compiled in Table 1. 

Through-threaded bolt studs of 3/, in. diam and SAE 4140 
material were used to attach the test flanges to the mating 
flanges on the adapters, which were designed to be slightly stiffer 
to assure that flange failure, if encountered, would occur in the 
test specimen rather than the adapter. The physical properties 
of the studs conformed to the requirements of ASTM Specifica- 
tion A193, Grade BC. The semifinished hexagon nuts con- 
formed to the heavy series of ASA Standard B18.2. 


Gaskets were !/,. in. thick X 4in. ID X 71/sin. OD asbestos 
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Derraits OF FLANGES AND VARIANTS OF FLANGE ATTACHMENT TESTED IN Marin SERIES 


The hub welds were specified to be °/s-in. leg size or approximately 15 per cent heavier than required by the Code for Pressure Piping; the deposited 

welds actually ranged from 7/isto 1!/is in. Symbol r denotes weld deposited against a 521/2-deg recess, while symbol f denotes an ordinary fillet 

weld. The end welds for the slip-on flanges were full-fillet welds, the dimension e from the end of the pipe to the flange face being held to approximately 

3/s in. The values 7 and p marked opposite each variant, respectively, denote the stress intensification factor and percentage of fatigue life in terms 

of that of straight pipe. The values noted opposite Bl, B3, and F represent gies) weighted by the number of tests, of the subvariants shown 
thereunder. 


DIMENSIONAL AND MATERIALS DATA 


—Range of physical properties, from tensile tests —————. 


= 


TABLE 1 
Dimensional Materials 
standard specifications 
HR iGs 2 Ao tees cist vats po oe ay msens ASA Bl6e ASTM A-181, Gr. I 
PADS eas lolo vtesete wie elccoe Seve ASA B36.10 ASTM A-106, Gr. B 
Lap-joint stubs............. ASA Bi16.9 ASTM A-106, Gr. B 


@ The ring flanges were machined from forged flanges. 


composition, manufacturer’s designation “‘Tenax.”’ A new gasket 
was used for each assembly; it was applied dry, without prior 
wetting or the use of a gasket compound. 

The welds made in joining certain flange types, notably the 
slip-on and socket welding variants, were of two markedly dif- 
ferent qualities. All the welding for the main test series was 
carried out by ASME Code qualified welders; while not strictly 
code welds (since they were not code-inspected or chipped to the 
extent customary when preparing for code inspection), the welds 
may be considered representative of good commercial practice; 
they were generously proportioned (the fillets attaching the 
flange hubs were practically full size) and presented a smooth, 
somewhat concave contour. By contrast, the welds prepared 
by welders of the research department of the authors’ company 
for the supplementary tests, which were meant to represent the 
least weld size and quality compatible with code requirements, 
were small (the weld size on hub fillets was of the order of 5/16 in. 
to */s in.) and of a beadlike, unfinished appearance. 

Incidentally, no difficulties were encountered by the fabrica- 
tor’s welders in welding any of the flange types, except that 
the face welds on slip-on flanges were found to chill rather quickly, 


Ultimate tensile Yield point, Elongation 
strength, psi psi per cent in 2in. 


70250 to 74750 39500 to 41000 27.5 to 31.0 
69200 to 70600 39880 to 47500 37.0 
62865 38600 39.0 


resulting in an occasional poor weld which had to be machined 
out and redone. 

The threaded flanges were made up with machine-threaded 
pipe to ASA Standard B2.1. In one set of tests, they were pulled 
up with 2000 ft-lb torque for normal thread engagement; in 
the second set, where the pipe was threaded through the flange 
and refaced, a 4000 ft-lb torque was applied. A liquid thread 
compound, sold under the name ‘‘Copaltite,’”’ was used on the 
threads in both cases. 


Test EQUIPMENT 


A specially designed fatigue testing machine of the specific- 
strain reversed-bending type, as described in an earlier paper by 
the senior author,’ and illustrated in Fig. 2, was used. The test 
principle is a simple one, as becomes evident from the diagram in 
Fig. 3; the assembly presents a cantilever beam fixed at one end, 
with a cyclically reversed load being applied at the other. The 
specimen proper is located close to the fixed end, where the bend- 


3’“Fatigue Tests of Welding Elbows and Comparable Double- 
Miter Bends,” by A. R. C. Markl, Trans. ASME, vol. 69, 1947, pp. 
869-879. 
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ing moment isa maximum. In the main test series, an adapter 
was used to approach the condition of two mating flanges of equal 
stiffness; in the supplementary tests no adapter was used, the 
test flanges being bolted directly to the anchor plate. 


Trst PROCEDURE 


Prior to mounting the specimens, each assembly was inspected 
and subjected to a pressure test of 600 psi, which is the service 
pressure at atmospheric temperature set up in ASA Standard 
Bl6e for flanges of the 300-lb-pressure class. Leakage was 
encountered in a single instance, this being a slip-on flange at- 
tached by a face weld only; the defective fillet was machined 
out, the specimen rewelded and retested with satisfactory results. 

In mounting the specimens, careful attention was given to 
alignment and uniformity of bolt pull-up. The */:-in. bolts were 
pulled up incrementally with a torque wrench, using a predeter- 
mined sequence. The torque was set at 2000 in-lb, which corre- 
sponds to approximately 40,000 psi bolt stress, as determined with 
SR-4 strain gages. Originally it was planned to apply only 1200 
in-lb, but this led to early gasket leakage of the specimens sub- 
jected to high deflections. 

In the next step, each specimen was cycled at a low deflection 
amplitude about 20 times to “iron out”? mounting irregularities; 
specimens were then realigned, where necessary, and the bolts 
rechecked with the torque wrench. 

A load-deflection calibration of each specimen was next carried 
out, and the results were plotted as curves; the variation between 
individual specimens belonging to any one series being of the 
order of only a few per cent, an average or typical curve, such as 
is plotted in Fig. 4 for the welding neck type, was considered as 
adequate for all tests of one type. Using these data and the 
anticipated stress intensification factors, amplitudes of deflection 
were selected so as to spread failures evenly within the range from 
1000 to 1,000,000 cycles. 

Some of the large displacements required for the short-life 


5000 


LOAD (POUNDS) 


DEFLECTION (INCH) 


Fie. 4 Typrcan Loap-Drriection CALIBRATION CURVE FOR 
We.pinc-Neck FLANGE ASSEMBLIES 


(Note that yielding occurs at appreciably higher load in the repeat calibra- 

tion as compared with the first load application. The value S used in 

plotting the S-N curves, Figs. 7, 8, and 9, is based upon the dash-dot ex- 
trapolation of the straight portion of the calibration curve.) 


specimens fall onto the curved part of the load-deflection curve, 
denoting a stress high enough to produce more than local yielding. 
In the conversion of these displacements into loads, moments, 
and ultimately, stresses, the load-deflection curve, however, 
was considered as a straight line, i.e., the loads in the yield zone 
were obtained by an extrapolation from the elastic zone. A 
justification of this procedure, which, while not strictly correct, 
offers practical advantages, is given later under ‘Numerical 
Evaluation of Test Results.” 

In order to ascertain whether the originally applied load was 
maintained throughout the cyclic tests, a representative num- 
ber of tests were interrupted for making check determinations 
of the load-deflection ratio. On flanges with wide gasket faces, 
no change in flexibility could be detected as the fatigue test 
progressed, and hence the stress conditions could be assumed as 
constant. The same was not true of the lap-joint flanges, 
specifically those under a high load. For example, in one 
specimen subjected to a load of 2350 lb (corresponding to failure 
in less than 3000 cycles), the load was reduced by about 3 per 
cent at 40 per cent of the total life of the assembly, by 10 per 
cent at 60 per cent, and by 16 per cent at 80 per cent of the life. 
After the stub end had cracked, the load was found to be 20 per 
cent lower than that originally applied. Inspection after dis- 
assembly led to the definite conclusion that the loss in load 
was attributable to progressive destruction of the gasket; the 
tops and bottoms at the inner circumference, which were alter- 
nately subjected to very high and low compressive stresses, were 
badly “chewed up.’’ This was not the case for the lap-joint as- 
semblies subjected to low moments, nor for any of the other 
assemblies, the gaskets invariably being found in good usable 
condition on taking the flange apart after failure. 

All specimens were filled with water; a 25-in. head was held on 
those not under pressure to serve as a means for recognizing 
failure promptly. In order to find out whether the face weld 
cracked before the hub weld in double-welded slip-on or socket 
welding assemblies, a 1/s-in. hole was drilled through the hub at an 
angle of 45 deg from the bottom. 

After all preliminaries were completed, the machine was 
started up and kept under constant observation. Where leakage 
appeared (or, in rare instances, a crack was noted shortly before 
leakage became apparent), the cycles which the unit had run 
were recorded. However, the test in nearly all cases was con- 
tinued for at least 20 per cent more cycles to confirm failure and 
give information on the direction of crack propagation. Tests 
where no failure occurred within one or two million cycles were 
abandoned. In the case of threaded flanges, a slight seepage 
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along the threads, unaccompanied by a crack, often became evi- 
dent early in the tests; by comparison, the later actual failure of 
threaded assemblies was always heralded by a sudden flow. 

After completion of the test, the specimen was removed and 
‘photographed; a quarter section was cut out, with one of the saw 
cuts going through the center of the initial crack, and this was 
then etched and photomacrographed to record the type and loca- 
tion of failure. An occasional micrograph was made for more 
detailed study. 


VisuaL Trst EVIDENCE 


For various types of bolted flanged connections, tested with a 
given gasket and a uniform bolt pull-up, the tests established 
what type of failure is encountered under conditions of cyclic 
bending, where it occurs, and how many reversals are necessary 
to bring it about. 

A joint could be rendered unsatisfactory by the occurrence of 
either of two things, i.e., it could leak, or some component could 
break. Leakage across the gasket to the outside of the flange or 
through the bolt holes did not occur in a single instance under the 
test conditions. A possibility of such leakage was approached, 
however, in the case of lap-joint assemblies where alternating 
overcompression of the gasket and release of most of its load re- 
sulted in deterioration of a large part of the gasket area in contact 
with the lap face. Another type of leakage, in the form of a per- 
sistent seepage along the threads, was encountered with threaded 
flanges. Even with only 25 in. head of water, this occurred long 
before structural failure, and with 600 psi pressure and some of 
the higher bending moments, around 100 reversals were enough 
to start a dribble of water. ¢ 

In general, apart from the threaded joints, the usefulness of all 
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flange types was terminated by structural failure, not of the flange 
proper or the bolts, but invariably of the pipe, or, where a single 
attachment weld of small cross section or poor contour was used, 
the weld. All of these failures occurred as circumferential cracks 
and started on the outside of the pipe at or near the top or bottom 
of the assembly where bending stresses were highest. Fig. 5, 
reproducing representative photomacrographs taken of failed 
specimens of the main test series, will be used to comment more 
in detail on the nature of the failures. 

The top line in Fig. 5 shows variants of slip-on flange attach- 
ment in the order of decreasing strength; the first three photo- 
graphs, identification Al, A2, and A8, reveal identical failures, at 
the toe of the hub weld, whether a face weld was used in addition 
to it or not, and whether the hub weld was deposited against a 
square hub face or a reverse bevel or recess. In the last photo- 
graph, identification A4, which represents the obviously weak 
and hence unusual construction, where a face weld only is applied, 
failure occurred across the throat of the fillet weld. The middle 
line of photographs, in which the four basic variants of socket- 
welding flange attachment are assembled, presents almost iden- 
tical evidence and requires no individual comment. 

Referring to the bottom line, the butt-welding flange, shown at 
the left, designation C, shows failure at the edge of the weld over- 
lay away from the flange, the crack remaining entirely within the 
pipe, as is also evident from the photomicrograph in Fig. 6. This 
is typical also of the cracks at the toes of fillet welds. The ring 
flange, designation D, failed at the extreme edge of the weld, as 
in the case of hub welds of slip-on or socket welding flanges. The 
lap-joint assembly, designation E, cracked across the stub end, 
close to the tangent point with the fillet radius. The threaded 
flange, designation F2 (and likewise F1, which is not shown) 


Frcg.5 PHoTOMACROGRAPHS OF REPRESENTATIVE FAILED SPECIMENS 
(Arrows indicate location and approximate direction of cracks.) 
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Fig. 6 PHOTOMACROGRAPH AND PHOTOMICROGRAPH OF CRACK IN 
We.pine Neck Fiance ASSEMBLY 


(Micrograph | covers circled—!/s-in. actual diam—area of macrograph. 
Crack starts in edge of weld and propagates through pipe. Fracture is cross- 
crystalline.) 


cracked through the root of one of the first three engaged threads. 

Of the two supplementary series, the few exploratory runs of 
butt welding and double-welded slip-on flanges with lightweight 
pipe gave the same kinds of failure as the main test series. The 
other series, in which small and poorly contoured welds were used 
with standard-weight pipe, differed in only one respect; where 
flanges were attached by a single fillet weld at the hub, the weld 
itself failed in three out of four specimens. 

The following conclusions can be drawn from visual observa- 
tion during and after test: 


1 Flanges of the size and types investigated, with the given 
gasket material and size, and using an amount of bolt pull-up 
in line with common practice, are stiff enough to avoid leakage 
across the gasket and strong enough to prevent failure of the 
flange proper under its maximum rated service pressure and a 
superimposed bending stress of appreciable magnitude. 

2 The welds customarily deposited by experienced welders 
are more than adequate to prevent failure of welded joints, this 
being true even of single-fillet welded construction; not included 
in this statement, however, are slip-on and socket welding flanges 
with weld attachment of the pipe end only, these constructions 
not being found in common usage. 

3 Caution is in order when using lap-joint flanges with laps of 
a thickness of the same order as the pipe wall in locations of high 
bending moments, since the lap apparently rocks back and forth 
on the gasket, and tends to destroy it. 

4 Threaded flanges are unsatisfactory for any but the mildest 
cyclic services; the threads constitute not only a structural weak- 
ness, but are prone to open up under bending and cause leakage. 

5 Structural failure appears associated entirely with contour, 
the crack invariably appearing at a location of marked change in 
section adjacent to the flange. For welded joints, this is the edge 
of the weld, for lap joints the start of the fillet, and for threaded 
joints the notch formed by the root of the thread. 


NumericaL EvauuaTIon or RESULTS 


Fatigue data are usually reported in the form of so-called S-N 
curves, and where the tests performed involve a comparison of a 
part in which a stress raiser is present with a similar part with 
undisturbed stress flow, it is convenient to interpret the results in 
terms of a stress-intensification factor. 

For practical piping design, the properties of straight pipe offer 
the most satisfactory reference medium, since the bulk of piping 
is straight pipe. For this reason, the endurance strength of an 
assembly, involving a flange and straight pipe of a certain size and 
wall thickness, will herein be referred to the endurance strength of 
the same kind of straight pipe by itself. In an earlier paper by 


the senior author,? the endurance strength S of commercial 
straight Grade B carbon steel pipe between limits of 500 to 
500,000 cycles of stress reversal was tentatively expressed in terms 
of eycles-to-failure N by the equation‘ 


BS ON ee ts ae kee 1] 


To make possible the construction of an S-N curve for the re- 
cording of the present tests, it becomes necessary to translate 
the applied deflections into nominal stresses. In so far as the 
stresses caused by the deflections imposed upon the test cantilever 
remain within the elastic limit, the load-deflection calibrations of 
the different assemblies made preparatory to these tests serve to 
establish the loads corresponding to any specific deflection; by 
multiplication by the lever arm from the point of load application 
to the point of starting failure, the controlling moment is ob- 
tained, and this, divided by the section modulus of the pipe used, 
gives the nominal stress. In the present tests, however, the 
larger displacements applied in the short-life runs definitely 
caused more than local yielding. It would have been entirely 
possible to establish the corresponding load, and therewith the 
stresses, from the applicable load-deflection curve. However, in 
view of the fact that the results of this investigation are pri- 
marily intended for use in the flexibility analysis of piping sys- 
tems (where the displacement is given and the loads or reactions 
are solved for), and since such calculations are commonly based 
upon the elastic theory, it has been considered preferable to extra- 
polate the straight-line portion of the load-deflection curves (see 
Fig. 4 for an example) and plot the cycles-to-failure against a 
fictitious stress thus obtained, which, obviously, is higher than 
the actual stress. 

This last is the basis upon which the median lines given as the 
S-N curves for different assemblies in Figs. 7, 8, and 9, have been 
derived. They are all drawn parallel to the S-N curve for straight 
pipe expressed by Equation [1] and go through the computed 
center of the respective group of test points obtained from the 
main series; the results of the supplementary tests series (shown 
by symbols of reduced size, but otherwise identical with those 
used for recording the results of the main tests) have been ignored 
in drawing the median lines. The justification for using a con- 
stant slope for all median lines resides in the advantage this offers 
of representing the stress-intensification factor as a constant, 
which would not otherwise be possible. A study of the charts 
indicates that this arbitrary adjustment is accomplished without 
violating the test evidence seriously. To avoid undue reliance 
on the median lines in the low-cycle range, in view of the liberties 
taken in extrapolating the load-deflection curve beyond the elastic 
range, these median lines have been cut short at a stress level 
roughly corresponding to definite yielding.® 

The test results as reduced to these median lines are readily 
interpreted in either of two ways. To derive the stress intensifi- 
cation factor 7 for any particular assembly, the nominal stresses 
applicable to straight pipe and the assembly in question are read 
at the intercepts of the two corresponding median lines with any 
one ordinate, and these divided by each other. To determine the 
comparable life of any assembly in relation to that of straight 


4 Results obtained by this formula should not be confused with 
results of fatigue tests on polished bars, since commercial straight pipe 
involves certain inherent stress raisers in its surface condition, and 
additional stress raisers are introduced by any form of clamping or 
joining, mechanical or by welding, regardless of the amount of care 
taken to avoid notch effects. This should be well understood in view 
of possible future attempts at a rigorous mathematical analysis of 
the shapes involved in the present test. 

5 It will be noted by reference to Fig. 4 that the departure from a 
straight-line law occurred much earlier in the first load application, as 
compared with subsequent retests; the latter only have been con- 
sidered significant in the present investigation. 
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TABLE 2 DHTAILED EVALUATION OF TEST RESULTS 


———————— Supplementary series 


— —Main seriese——. ——~Minimum welds-——~_— Size effect———_—. 
: Identifi- No. ' No. 7 7 
Flanges and variants of flange attachment cation specimens a neeeont specimens a rer Gant eae 7 percent 
Slip-on flanges with double welds (average)............ 12 1,24 34 
Recessed hub and fillet face welds.................. Al 6 1.19 42 
pulls nubyand face welds i onierscsjcemuevs d/o sy28 s\Se ome 0 A2 6 1,29 28 2 1.26 32 2 1.30 27 
Slip-on flanges with single fillet hub weld...) |)! AB3 5 1:35 22 2 Gee. P17 ¥ 
Slip-on flanges with single inside fillet face weld........ A4 6 2.36 1.4 7 3.14 0.3 
Socket welding flanges with double welds (average). ... 21 1.14 52 
Recessed hub and inside butt welds (average)....... Bl 16 1.14 52 
Same with butt weld in line with back of flange..... Bll 6 1.09 65 
Same with butt weld 1/2in. from face of flange...... B12 5 L525 33 
Same with butt weld made as through weld with hub 
Be at a OR ee ee B13 5 Jellies weeo 
Fillet hub weld and inside butt weld................ B2 5 NL ave 2 1.25 33 
Socket welding flanges with single hub welds (average). . B3 25 121 39 
PE MOU OLAS (AVCRARO) kitce aks cee is wk ce es See oe 13 et 8 39 
Same with!/j.-in. gap between end of pipe and bottom 
OOM IOCEG ep ORCS OAD Cae Oa Seine meee Dome B31 4 1.28 29 2 1.64 8.4 
Same with no gap; pipe bottomed in socket....... B32 9 1.18 44 
Recessed welds (Average). cde ca cu bocce messes 12 d22 37 
Same with 1/is-in. gap between end of pipe and bot- 
MOMMOL HOGKELGM esac omrcie te eos ee cam we eeaet B33 Wh 1 2 37 
Same with no gap—pipe bottomed in socket....... B34 5 22 37 
Socket welding flanges with single inside butt weld..... B4 4 2.08 2.6 6 1.78 baO 
Melding noc kuMan ees. was sc.scro nie adieOmitte Acted wile aig C 5 0.98 111 6 1.09 65 6 1.06 75 
PRM Per ATOR IERIE re sce hace ciel che tela bol dts lei bal s/ slater ahs D 6 1.19 42 
ama NG Hl ATI ON eye reregs tel ch ons fas ykoin Gack heh ta che kota aia sto lelene E f 6 1.56 11 
; \ 6 1.65% 8,24 
BPhreadedyflanges! (Average)icew seco cid acces 2 ceccahoup ers F { 12 1.78 5.6 
12 2.656 0.86 
Same, with normal make-up..............c0ececees Fl JG 1.83 4.9 
6 2.486 1,16 
Same, with pipe threaded through and refaced....... re 6 1.74 6.3 
6 2.836 0.66 


@ Value corrected for loss in load observed during course of test. 


6 Value based upon first appearance of seepage whether accompanied by crack or not (7 here is not strictly a stress-intensification factor, but may be applied 


as such for design purposes). 
« = stress intensification relative to straight pipe. 
p = life of assembly relative to straight pipe. 


pipe, the cycles-to-failure are read for the assembly in question 
and for straight pipe along any abscissa denoting constant nominal 
stress, and the one is then expressed as a percentage p of the 
other. Both the7z and p values for all variants tested in the main 
series are recorded against each type in Fig. 1 and compiled in 
Table 2 for ready comparison. The table also includes the re- 
sults of the supplementary test series and gives the number of 
specimens tested of each variant. 

It may be noted that a single median line has been drawn for 
all double-welded slip-on flanges, and the same has been done for 
the socket welding flanges. While these group averages are 
helpful in an over-all appraisal of the effect of the major design 
characteristics, a more detailed study of each individual variant 
in relation to others will be found worth while, inasmuch as it 
gives an idea of the contribution of minor details to the endurance 
strength of an assembly; while the differences between variants 
to be commented upon appear of a low order and well within the 
range of scatter of the test results, some of them are entirely too 
consistent and logical to be ignored, as will be shown. All com- 
parisons will be made on the basis of the stress intensification fac- 
tors developed, but it should be remembered that relatively small 
differences in this factor connote appreciable differences in fatigue 
life, i.e., the anticipated number of cycles to failure. As an ex- 
ample, a 10 per cent increase in stress-intensification factor is 
equivalent to a reduction in useful life under cyclic bending of 
over 40 per cent. 

Single Welds. As expected, the butt weld used for attaching a 
welding-neck flange, test series C, was found vastly superior to 
any other form of attachment; it is equivalent to any butt weld 
between pipe, and practically as good as straight unwelded pipe. 
Even in an unfavorable location at the junction between two 
parts of greatly differing stiffness, as in socket welding variant B4, 
this form of weld gave a 13 per cent improvement over a similarly 
located fillet weld, as used in slip-on variant A4. As far as the 
two types of hub welds are concerned, i.e., the regular fillet weld 
and a weld deposited against a 521/.-deg reverse bevel or recess, 
neither the comparable single-welded variants (B31 versus B33, 


and B32 versus B34), nor the double-welded ones (A2 versus Al 
and B2 versus B11) show any consistent differences. Appar- 
ently, where both welds are of adequate size, the pipe failure is 
influenced solely by the contour at the toe of the weld, which is 
the same for both types. 

Bottoming of Pipe in Socket. Having just mentioned variants 
B31, B32, B33, and B34, it may be opportune to cover briefly the 
second objective of this particular subproject, which was to dis- 
cover whether butting the pipe solidly against the face of the 
recess in a socket-welding flange improved resistance to cyclic 
bending. From a comparison of the values of 7, given for the 
condition with no gap with those for that with a !/i.-in. gap, it 
would appear that forcible contact of the end of the pipe with the 
socket face is helpful, but that the benefit is minor. Incidentally, 
the result of the slip-on flange series A3 would tend to confirm the 
results obtained on socket welding flanges with a definite gap. 

Single Versus Double Welds. Three directly comparable groups 
of test series are available to evaluate the beneficial effect of the 
weld at the end of the pipe when used in conjunction with a hub 
fillet weld: Series A2 can be compared with series A8; series B31 
and B32 with B2; and series B33 and B34 with B1l. From such 
a study it may be concluded that the added welds produce an 
improvement in endurance strength of the order of 8 or 10 per 
cent. 

Weld Proximity. There are indications that the distance be- 
tween welds in double-welded flange attachments is not without 
significance. Below are listed the seven different variants of 
double-welded constructions tested, together with their stress- 
intensification factors; the order is from the closest spaced welds 
to those most widely separated: 


B13: il gakal 

Bll 1.09 close (avg. 1.11) 
BQ; 1.12 

D: aks) intermediate 
B12: 125 \ 

Al: ele) apart (avg. 1.24) 
AQ: 120: 
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Considering the two bracketed groups listed, it will be noted thata 
weld spacing not exceeding the height of the hub of a slip-on or 
socket welding flange on the average produces a 12 per cent higher 
endurance strength than a wider spacing, of the order of the flange 
thickness. Omitting test series B12 from the foregoing compari- 
son, it will be seen that the two groups are directly representative 
of socket welding and slip-on flanges, and hence the former, 
when used with shallow sockets, can be pronounced about 12 per 
cent stronger against cyclic bending as compared with the latter. 

The results for lap-joint and threaded-flange assemblies, as 
plotted in Fig. 9, and averaged in Fig. 1 and Table 2, require 
modification before they can be applied to piping design. It has 
been mentioned already that a slight loss in applied load was 
encountered in the case of lap-joint assemblies under high load- 
ings; the plots are based on the initial loading (or strictly, the 
applied deflection), and adjustment to the approximate average 
loading over the test duration would raise the stress-intensifica- 
tion factor from 1.56 to 1.65, or reduce the life from about 11 
per cent of that of straight pipe to only 8 per cent. In the case of 
threaded assemblies, seepage through the threads on the average 
occurred in one seventh of the time it took to produce structural 
failure. If we expand the definition of the “stress intensification 
factor’ so that, for any given cyclic life, it expresses the relation 
between the stress producing fracture in a straight pipe and the 
stress producing failure from whatever cause in a comparative 
assembly (including the same kind of pipe), or in other words, if 
we consider leakage on equal terms with failure, this premature 
loss of serviceability of threaded flanges would have to be com- 
pensated by applying an “effective’’ stress intensification factor 
of 2.65 rather than 1.78 as obtained using cracking as the sole 
criterion of failure. 

A few brief comments on the findings of the two supplementary 
test series included in Table 2 appear in order before going on to 
the conclusions. The one series, in which weld size effects were 
explored, indicated that it might be advisable for design purposes 
to increase the stress intensification factors obtained from the 
main test series somewhat for flanges involving attachment by 
fillet welding. The second series, involving thin-wall pipe, may 
be considered as providing a certain measure of assurance that, 
within the more common range of pipe sizes, the effect of the pipe- 
wall thickness and size or series of the flange is not overly signifi- 
cant. 


CONCLUSIONS 


The tests established that, even under unusually severe bend- 
ing stresses, flange assemblies do not fail in the flange proper, or 
by fracture of the bolts, or by leakage across the joint face. 
Structural failure occurs almost invariably in the pipe adjacent to 
the flange, and in rare instances, across an unusually weak attach- 
ment weld; leakage well in advance of failure is observed only in 
the case of threaded flanges. 

While it is the pipe that fails, the type of flange is influential in 
determining the endurance strength of the assembly, largely by 
the way in which it affects the stress transfer at the joint. The 
smooth tapering transition, afforded by a welding-neck flange, 
provides an endurance strength of the assembly equivalent to 
that of a butt-welded joint between two pieces of pipe, which 
itself is not greatly different from that of unwelded straight pipe 
to judge from indications obtained from tests in such pipe con- 
ducted by the authors. A fillet weld presents less favorable 
conditions owing to the sharp change in cross-section and stress- 
flow direction. In the case of lap-joint flanges, the transition 
would not appear unfavorable, but the lap apparently lends in- 
adequate support to the neck of the stub end. Finally, in the 
case of threaded flanges, the reduced pipewall thickness and 
notch effect, caused by the threading, constitute weaknesses 
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which become even more apparent under cyclic loading than 
under static conditions. 

In order to provide a quantitative measure of the relative 
endurance strength of different common flange assemblies, Table 
3 has been prepared by the authors, using all the evidence pro- 
duced in these tests, including the supplementary series and giv- 
ing weight to any tendencies which may have been present of 
premature loss of serviceability prior to ultimate fracture. It is 
TABLE 3 PROPOSED STRESS INTENSIFICATION FACTORS 

AND COMPARATIVE FATIGUE LIVES FOR DESIGN 


Stress- Relative 


intensification fatigue life, 
Type of assembly factor, 7 p, per cent 
Welding-neck flanzesijc co sclile ctclele oleineieieusls 1.00 100 


Socket welding flanges (double-welded, 
with inside butt weld sresoxtaey in 
line with back of flange).. ; PETS 50 


Double-welded slip-on or forced: ring “Haves 1.25 33 
Single hub+welded slip-on or socket weld- 

INE MAN GEA oe «cc ceteris de uietatere lg ste 1.30 27 
Lap-joint flanges (with standard lap-joint 

shu: Gnds) £3. sag eee es re leet terete 1.60 10 
Phroaded flan ves:.2 ce cyicsieweias sates siecctororeas 2.30 io 


thought that the stress-intensification factors given may find 
direct use in flexibility calculations following the rules of the Code 
for Pressure Piping, and that the parallel information on relative 
fatigue life, as more descriptive, may be helpful in setting limita- 
tions on flange types, depending upon the service involved. * 
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Discussion 


H. F. Moors.’ Full-size fatigue tests of structural and ma- 
chine parts are always preferable to tests of small polished speci- 
mens when such full-size tests are feasible. Hence this paper 
is very welcome as it describes such full-size tests for flange-pipe 
assemblies. 

The fatigue-testing machines used are of the simplest type— 
the type which measures directly the deflection of the specimen 
and the number of cycles of stress to cause fracture. The stress 
pattern, the load, and the bending moment are then measured 
from the deflection, using the specimen itself as the dynamometer. 
The authors determined the stress range from the deflection of the 
specimen, stopping the machine at various stages of the test to 
determine the steady value to which the stress range “settled 
down.” 

The authors carried out their tests to a maximum of about 
2,000,000 cycles of reversed flexure. As is the case with rail- 
road rails and with many structural parts, repeated-stress tests 
to 2,000,000 cycles are sufficiently long to cover the customary 
period of use. The results, plotted on log-log stress-cycle 
(S-V) diagrams show no sign of “flattening out,’’ and show a con- 
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siderable, although not too serious, scatter of test results. It is 
probable that longer tests would show a flattening out of 
the S-N diagrams. In that case extrapolation of the authors 
results to 10,000,000, or even to 100,000,000 cycles might be 
expected to give results ‘‘on the safe side.” 

The writer is especially impressed by the poor showing made 
by the threaded flanges. Screw threads in any structural or 
machine part constitute one of the most dangerous of stress 
raisers, especially if the rod or pipe is screwed in as far as the 
thread will allow. 

Attention is also called to the tabulation in Fig. 1 and Table 
2 of both 7, the effective stress-intensification factor, and to 
p, the ratio of length of endurance (number of cycles of stress) 
of a flanged assembly to that of the straight pipe. Thus the 
assembly can be judged on the basis either of comparison of 
stress range for a given endurance or of comparison of endurance 
for a given stress range of a straight-pipe specimen. 


J.J. Murpny.’? The authors are to be congratulated on having 
made a valuable contribution of test data on the performance 
of various flange types, on the organization of the tests, and 
presentation of the results for handy reference. There has been 
too little information available on this subject, and the paper 
is a fitting supplement to the senior author’s previous paper.® 

The role of fatigue-test data as an index to the relative serv- 
iceability of flange types is difficult to assess, and the authors 
have been careful not to draw any unwarranted conclusions. 
Data such as these are, nevertheless, quite valuable, and the order 
of performance of the various types fits in well with what would 
be expected, with the exception that the relatively poor perform- 
ance of lap-joint flanges is somewhat surprising. While service 
experience with all types of flanges has been generally good, 
slip-on, lap, and threaded flanges are used normally only in the 
less severe services. 

The tests provide excellent comparative data for the various 
weld details for slip-on and socket welding flanges. The ASME 
Boiler Code Subcommittee on Bolted Flanged Connections 
already has recognized a socket welding detail similar to B11 
except that the inner weld is located at the mid-point of the flange 
thickness. The data here presented provide valuable informa- 
tion for permitting the weld to be located near the hub. The 
authors’ opinion that the pipe failure is influenced solely by the 
contour at the toe of the weld appears logical, and it would be 
interesting to see if the performance of flange attachment B13 
could be made to more closely approach butt-welded flange 
construction by modifying the fillet-weld contour as indicated 
in Fig. 10 of this discussion. 

Also, it would be interesting to have comparative test data on 
threaded flanges with a seal weld, a construction which is widely 
used. The test data obtained in the supplementary tests provide 
valuable information on the possible effect of variations in weld 
quality and size to be expected in actual applications. It is 
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noted that the performance of welding-neck flanges in the supple- 
mentary tests in Table 2 of the paper is the same as the main 
tests on flanges B11. The authors may wish to comment on 
this. 

The bending moments applied in these tests simulate those 
which might be caused by mechanical vibrations or changes in 
temperature of the pipe line. Fluctuating pressures or cyclic tem- 
perature changes which cause the pipe locally to run cooler or 
hotter than the flange would impose a different-type loading on 
the attachment welds in that the shear and moment would be 
uniform around the circumference. It is possible that the per- 
formance of the various details would react somewhat differently 
to this type loading. 


E. C. Prrrie.’ In interpreting the results of the authors’ 
research investigations, the designer must consider the piping 
system as one integrated structure. In other words, it would 
be inconsistent to demand of a flanged assembly, resistance to 
fatigue of a much higher order than that required for another 
part of the piping system. Due precaution should be exercised, 
therefore, in attempting to draw all-inclusive conclusions from 
the results of a series of tests on only one size and class of product. 

In order to illustrate this point, let us compare the test results 
obtained in the earlier Markl paper? with those published in 
the present paper. The writer has combined these results in 
graph form in Fig. 11 of this discussion. 


psi) 


NOMINAL BENDING sTRESS ( 


NUMBER OF CYCLES TO FAILURE 
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It will be noted from this graph that the number of cycles to 
cause complete failure of the conventional and acceptable types 
of flange assemblies fall between those given for straight pipe 
and welding elbows. One exception is the welding-neck flange, 
which is slightly higher than that of straight pipe. 

While it is a well-known fact that fatigue failures occur under 
certain conditions of severe stress in some threaded assemblies, 
there has been no indication, to the writer’s knowledge, of failure 
in the side of a welding elbow due to fatigue as illustrated by the 
tests in the previous paper. The type of end fixation, notch 
effect in threads, clearances in flange assemblies, total resisting 
moment developed by bolting, are all important factors in an 
investigation of this type, and tests under various combinations 
may produce results which differ considerably from those pre- 
sented in this paper. It is suggested, therefore, that more 
extensive investigations be made before arriving at any definite 
comparative values of fatigue life of elements which are com- 
ponent parts of a piping structure. 

Another point mentioned in the paper being discussed is that 
the results obtained for lap-joint flanges indicate that ‘caution 
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is in order when using lap-joint flanges with laps of a thickness 
of the same order as the pipe wall in locations of high bending 
moments, since the lap apparently rocks back and forth on the 
gasket and tends to destroy it,” but that “this was not the case 
for the lap-joint assemblies subject to low moments.” Appar- 
ently the high moments referred to by the authors are not 
encountered in a properly designed piping system due to the 
fact that, to the writer’s knowledge, this damage to the gasket 
has never been found under actual service conditions. 


E.O. Waters.’ Static stresses in piping and piping connections 
always have been given due respect. Somewhere along the road 
of acquiring knowledge of piping design, the effect of live loads 
caused by temperature differentials, and those due to rigid 
end connections and intermediate supports, were taken into 
account as a matter of course. However, even here the results 
of tests and theoretical analysis are mainly applicable to the 
pipe alone, and much still remains to be learned about the effect 
of live loads on flanged or other forms of piping connections, 
and on the vessels to which piping is attached. Most recently, 
the question of the endurance of piping systems subjected to 
dynamic loading has come to the fore, the chief reason for its 
importance doubtless being due to the substitution of welding 
for what might be termed ‘semipermeable’ forms of pipe 
connection which always could be counted upon to leak pro- 
fusely long before any structural failure took place. 

The authors have made a factual statement of their findings 
without attempting any extensive analysis, and the question 
arises as to how best to interpret the results. In so far as the 
welding-neck type of joint is concerned, behavior was exactly 
as would be predicted; in this case, there are no sudden transi- 
tions in size of cross section, and no sharp re-entrant corners, the 
weld is inherently superior, and the flow of stress from flange to 
pipe follows comparatively straight lines and easy curves. At 
the other end of the scale, the poor showing of the single inside 
welds (series A4 and B4) was to be anticipated. However, there 
are several intermediate cases which give rather unexpected 
results, calling for further explanation. For example, the general 
setup in Fig. 1 of the paper would lead a superficial reader to 
conclude that socket-welded connections are, as a class, superior 
to slip-on connections. However, a closer inspection of the 
sketches in line 2 in Fig. 1 reveals that the quality of these 
connections is very sensitive to inside and outside weld proximity. 
In fact, the authors call attention to this point. This at once 
raises the question: If close proximity improves the performance 
of socket welds, would it not be possible to improve the slip-on 
group by inserting the pipe only part way into the flange? 
Also, from a comparison of series B11, B12, and B13, it appears 
that there is an optimum proximity beyond which a closer weld 
spacing impairs the fatigue life of the connection. This would 
seem to make further detailed study desirable, including if possi- 
ble an investigation of the actual stresses at points of concentra- 
tion, before truly quantitative conclusions can be drawn. 

In conclusion, the writer would call attention to one feature 
wherein the tests showed remarkable consistency, namely, the 
location of the point or region of failure. This is consistent with 
static tests and theoretical stress analyses based on static load- 
ing, which always indicate a relatively high bending stress in the 
pipe that is intensified by a sudden transition from a compara- 
tively thick flange to a thin-walled pipe. The inclusion of this 
stress as one of the criteria for the design of flanges has at times 
been a bone of contention among users of the ASME Unfired 
Pressure Vessel Code, on the ground that it imposed an unneces- 
sarily severe restriction. However, the results of these fatigue 
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tests, as here reported, indicate that the existence of this stress, 
even though it is highly localized, cannot safely be ignored, at 
any rate when dynamic loads must be provided for. 


AutTHOoRS’ CLOSURE 


The authors are appreciative of the lively interest exhibited in 
the tests reported by them, and value particularly those com- 
ments which raise the issue how the test data relate to service 
experience and what their significance is with respect to future 
piping design. 

As has been pointed out in the discussion, there has been no 
published record of stress failures in service of the types shown in 
this and the senior author’s earlier paper’, although failures in 
screwed joints, at branch connections and other points involving 
major stress raisers have been recognized as due to fatigue. One 
explanation, as inferred by Mr. Petrie, is that high sustained 
bending stresses, say, of 24,000 psi or over, are not encountered 
in properly designed piping systems; a second factor is that major 
stress cycles much in excess of 1000 over the life of a system are 
confined to the process industries, are not too frequent even there, 
and usually receive special consideration. Close inspection of 
Figs. 7, 8, and 9 reveals no stress failures of commonly used flanges 
within the quadrant defined by these limits, except in the case of 
threaded flanges, with lap-joint flanges coming close. 

Accordingly it would seem that the tests and experience are in 
good accord. But, while experience proves that all but the two 
last-mentioned types of flanges will survive the conditions to 
which an average piping system is subjected, the tests are able to 
distinguish between the merits of the different types and thus 
offer an indication of how many more reversals at a given stress, 
ov how much more stress at a given number of cycles, a welding- 
neck flange, for instance, can support with reference to any other 
variant. This is important in view of the trend toward more se- 
vere services in the process industries and the accompanying de- 
sire to liberalize allowable stresses; this latter objective can be 
accomplished, without reducing the true safety factor, only if 
our understanding of stresses improves so as to take part of the 
‘Fgnorance component”’ out of the safety factor. 

It is recognized that tests on a single size, class, and material 
of flange, with a specific type of gasket and bolting under a spe- 
cific pull-up cannot be expected to form the basis for broad con- 
clusions embracing the entire field of flanged connections. The 
authors, as some of the discussers noted, were careful to avoid such 
an impression. On the other hand, they feel that, considering 
the confirmation obtained from the supplementary test series, 
the results are suitable for engineering application to a somewhat 
broader range of conditions; in a way, there would seem to be no 
other alternative pending further experimental or analytical prog- 
ress in this field. 

A note of caution is in order with respect to comparisons of the 
type drawn by E. C. Petrie in Fig. 11. While the results of the 
flange tests might be applied with reasonable accuracy to a fairly 
wide range of sizes and thicknesses, those obtained for welding 
elbows are restricted to one specific size and thickness and ean be 
extrapolated to other conditions only through the medium of a 
theoretical analysis, such as Beskin’s development.” Further- 
more, moments due to expansion vary from zero to a maximum) 
over the length of a line, so that a piping component with a lower 
stress-intensification factor situated at a location of high moment 
will often control even though other parts with higher factors are 
present in the line. The critical condition can only be properly 
evaluated by multiplying the stress at each significant location by 
the applicable stress-intensification factor. 


” “Bending of Curved Thin Tubes,”’ by Leon Beskin, Journal of 
Applied Mechanics, Trans. ASME, vol. 67, 1945, p. A-1. 
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Many additional investigations have been proposed, and the 
authors would have wished to have been able to conduct these, 
but due to press of other work must confine themselves to giving 
answers which are no more than opinions. 

J. J. Murphy’s design, Fig. 10, might be expected to approach 
the welding-neck flange in performance, or at least equal the ring 
flange which behaved surprisingly well. A threaded flange with 


seal weld would probably be the equivalent of a single-hub-welded - 


slip-on flange with minimum welding. 

Professor Water’s question, whether slip-on flanges would 
benefit from weld proximity to an equal extent as socket welding 
flanges is difficult to answer; the authors feel confident that they 


would benefit, but perhaps not quite to the same extent as the 
socket welding type which can be reasoned to provide a some- 
what better stress flow. No doubt there is an optimum distance 
between the front and back welds, but it is doubtful whether this 
can be determined from tests on commercially fabricated Joints; 
a photoelastic analysis of models probably would furnish an 
answer. 

Regarding J. J. Murphy’s comment on the similarity in fatigue 
life of group B-11 and the supplementary welding-neck flange 
assemblies, no explanation can be offered except to point out that 
the results show a fair amount of scatter and hence overlapping 
between flange types of similar endurance strength. 
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Modern Mercury-Unit Power-Plant Design 


By H. N. HACKETT! ann DWIGHT DOUGLASS? 


This paper outlines briefly the general theory of mer- 
cury-binary cycle efficiency, how it works, and the more 
usual types of applications where it may be used. The 
use of the mercury-steam cycle as applied to topping plants 
is explained more completely with the relative capabilities 
of 140 psig mercury and 2300 psig steam for such service 
specifically compared. As a typical, as well as the most 
recent application of a mercury topping unit, the new 
15,000-kw mercury-unit power-plant equipment recently 
installed at the South Meadow Station of the Hartford 
Electric Light Company is dealt with in considerable de- 
tail. In the manufacture of the mercury-boiler parts, 
factory prefabrication of relatively large mercury-furnace 
wall sections was successfully done for the first time. 
The new 15,000-kw mercury plant has been in operation 
since February 1, 1949, and for the month of February 
produced 20,000,000 kwhr of electric power at an average 
fuel rate of 10,200 Btu per net kwhr. 


Cycle EFFricIeENcY 


HE efficiency of a vapor cycle is determined largely by the 

saturated-temperature range through which it operates— 

the greater the range, the higher the efficiency of the cycle. 
This may be expressed by the equation, efficiency 


Ty rear T. 
T, 


when 7 and J». represent the saturated-temperature range 
through which the cycle operates, in degrees absolute. 

The mercury cycle, superimposed on a steam cycle, boosts the 
efficiency of the resulting cycle because of the high boiling tem- 
perature of the mercury. For example, at 140 psig, mercury 
boils at 975 F, whereas at 1250 psig, water boils at 575 F. 

With 975 F mercury and a proper selection of steam and fuel 
conditions, thermal efficiencies of from 34 to 38 per cent can be 
attained. 


How tur Mercury-SteEAM PowrR CycLe Works 


Fig. 1 shows a typical flow diagram of the mercury-steam cycle. 

Heat from the burning fuel is absorbed by liquid mercury 
within the tubes of the mercury boiler to form mercury vapor, 
which passes from the boiler to the mercury turbine where it 
releases a portion of its energy to produce electric power. The 
vapor from the turbine is exhausted to the vacuum shell of the 
mercury-condenser boiler. There it condenses and releases its 
heat of vaporization to water within the tubes. The liquid mer- 
cury is returned from the sump, or hot well, to the boiler by a 
mercury feed pump, or by gravity, as the case may be. 

The feedwater which absorbs heat from the condensing mer- 
cury vapor is boiled into steam at any desired pressure. This 
steam is then superheated in tubes located in gas passages of the 


1 Construction Engineering Division, General Electric Company, 
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2 Superintendent of Power, Hartford Electric Light Company, 
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mercury boiler. This superheated steam is then available for 
driving a steam turbine, or may be put to other desired uses. 

It is of interest to note that the steam thus produced by the bi- 
nary cycle is only slightly less in amount than it would be if the 
equivalent fuel were burned directly in a steam boiler. 


TyprEs or APPLICATION 


A heat cycle or a power cycle upon which a higher-tempera- 
ture heat cycle has been thermodynamically superposed may 
be said to have been topped. Hence a power plant composed of 
the higher-temperature cycle equipment may be known as a 
“topping plant.”’ In reality, all power plants where binary cycles 
or superposed steam cycles are used, fall into the general class of 
topping applications. However, for the sake of simplicity, as 
well as for the purpose of easy identification, the types of appli- 
cations for mercury-unit power plants have been divided into 
three general classes, i.e., topping plants, process or heating 
steam plants, and condensing plants. 

A topping plant is one in which relatively high-pressure 
steam is desired, usually to be used in existing steam turbines. 

A “process,” or “heating steam plant” is one in which relatively 
low-pressure steam is required. If the steam is desired at a pres- 
sure below the minimum limit set for operation of the mercury- 
condenser boilers, it is then desirable to include a noncondensing 
steam turbine having its exhaust shell designed to exhaust 
the steam at a pressure suitable for the proposed application. 

A “condensing plant” is one in which electric power only is 
produced. In this case, a condensing steam turbine of suitable 
size and design is included as a part of the mercury power plant. 

The initial steam pressure and temperature for each of the three 
types of applications may be varied as dictated by existing steam 
conditions, or by the power-plant designer as he finds necessary 
in his effort to produce the most useful and economical over-all 
power plant. 


Ratio or Mercury Torrine Krtowarrs To STEAM OuTPuT 


A by-product kilowatt produced from a high-temperature 
topping cycle is obtained at nearly the mechanical equivalent of 
the thermal energy.’ 

Because of boiler and other machine efficiencies, by-product 
kilowatt output, as such, requires the expenditure of approxi- 
mately 4000 Btu per hr from the fuel, regardless of whether the 
topping kilowatthour is produced by a steam topping turbine or a 
mercury topping unit. 

Another way of indicating this situation might be to say, that 
whenever a heat power plant or a portion of a heat power plant 
is credited with heat rejected, then the net heat consumption of 
the kilowatts generated in that portion of the power plant is equal 
to heat put in minus heat rejected to the next portion or system, 
divided by the kilowatts produced; .and that this is usually in the 
neighborhood of 4000 Btu per kwhr. 

Mercury topping plants as generally applied, will produce about 
twice as many 4000-Btu kw per 1000 lb of high-pressure steam as 
can be secured from other topping cycles. Furthermore, a mer- 
cury topping plant, designed originally to produce, say, 400-psig 
steam, may be used if desired to top 850-psig steam, or higher, 
merely by altering the size of the steam superheater and changing 
the steam safety valves, if allowance has been made in the design 


3“*Mercury for the Generation of Light, Heat, and Power,” by 
H. N. Hackett, Trans. ASME, vol. 64, 1942, pp. 647-656. 
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Fig. 1 Typican Frow Driacram or MerRcurRY-STEAM CYCLE 


for the stresses which will be encountered at the desired pressure. 

Fig. 2 gives a clue as to why mercury-topping power ratios are 
so high. In this comparison, the total heat of the mercury vapor 
and its competitor, high-pressure steam, have been corrected to 
the same total heat as is contained in 1 lb of 2300-psia 1050-F 
total temperature steam, or to 1497 Btu. For this total heat, 9.7 
lb of mercury vapor must flow through a mercury turbine for each 
pound of 2300-psia steam flowing through a 2300-psi steam tur- 
bine. 

As a basis for comparing the topping capabilities of these two 
cycles, the upper curve is a plot of the available energy of ap- 
proximately 9.7 Ib of mercury vapor when used to produce top- 
ping steam at various pressures in the mercury-condenser boilers. 
The lower curve is a plot of the available energy of 1 lb of 2300- 
psia steam used in a turbine, exhausting at the indicated back 
pressures. The steam pressures thus indicated by the abscissa 
are the back pressures of the steam expansion from the 2300-psi 
noncondensing steam turbine, or the pressure of the steam made 
in the mercury-condenser boilers. In keeping with present de- 
sign practices, a 30-deg F terminal difference between the con- 
densing mercury vapor from the mercury-turbine exhaust, and 
the boiling water was taken into account when establishing the 
mercury-vapor available-energy figures. 

It will be noted on the chart that at 400-psia steam pressure, 
the available-energy ratio of mercury to steam is 442/220, or 
almost exactly 2 to 1, and, at 1250 psia, the ratio is 8320/87 or 
almost 3.7 to 1. 


The fact that the available energy of mercury vapor varies only 
some 27.5 per cent when generating steam in the mercury-con- 
denser boilers at pressures varying from 400 psig to 1250 psig, 
makes it possible to design standard mercury units for wide ranges 
of by-product-steam pressures with a relatively small change in 
mercury-turbine output. 

Over the same back-pressure range, the available energy of a 
2300-psig noncondensing topping turbine varies about 60 per 
cent. 

Further, the mercury power plant may be used effectively oper- 
ating in conjunction with 850-psig or even 1250-psig steam tur- 
bines to increase greatly the over-all plant capacity and efficiency. 

A steam-turbine plant capacity may be increased some 60 per 
cent for the same quantity of condensing water by mercury 
topping. For example, the new Schiller Station at Portsmouth 
includes a 25,000-kw steam turbine which, in effect, is topped with 
15,000 kw of mercury capacity. For the 40,000 kw total capac- 
ity, only 25,000 kw are affected by the usual condenser losses. 
This saving in condenser-cooling-water requirements may be- 
come very important in localities where cooling water is scarce, 
although this was not the case at Portsmouth. 


Mercury Toprine at Sours Mrapow 


The South Meadow Station of the Hartford Electric Light 
Company was the first steam-generating plant to use a mercury- 
vapor cycle to top existing steam-generating units as a commercial 
undertaking. This original 10,000-kw mercury topping plant was 
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Fie. 2) AvAILABLE-HNeRGY Curves ror Mercury Vapor AND STBAM 
(The available energy of 155 psia 975 F total temperature mercury vapor and 2300 psia 1050 F total temperature steam have been corrected to the same 


total initial heat of 1497.1 Btu. 


The curves are then plotted with actual available energy of the two corrected fluids as the ordinate with the abscissa, 


representing the back pressure of steam expansion of a 2300-psia noncondensing steam turbine, or the steam pressure generated in the mercury- 


condenser boilers. 


The mercury-turbine exhaust pressure has been corrected to include a designed drop of 30 deg F t 


erminal difference in the mer- 


cury-condenser boilers.) 


put into service in 1928, superposed on 250-psig 700 F total tem- 
perature steam-generating equipment installed in 1921. The 
design margin in the steam portion of this first mercury installa- 
tion was ample to permit the raising of its operating pressure to 
400 psig 700 F total temperature early in the 1930’s simply by 
changing the safety valves. 

In the 19 years between 1928 and 1947 this first commercial 
mercury topping plant operated on line for some 119,000 hr, pro- 
ducing a net output of more than 1.7 billion kwhr of electric 
power. 

It was evident prior to 1946 that the original installation, con- 
structed from materials available in 1927, was coming to the end 
of its economical life owing to the metal fatigue at the associated 
high operating temperatures. The Hartford Electric Light Com- 
pany made an economic study of the value of a 50 per cent larger- 
capacity unit in the same building with the result that it was de- 
cided later in 1946, to proceed with active engineering of a modern 
replacement for the 1928 unit and its associated equipment. 

The removal of the old equipment was started in the summer of 
1947, to make the building area available for the installation of 
an entirely new design of mercury plant having a capacity at full 
load of 15,000 kw, and a steam output from the condenser boilers 
of 210,000 lb per hr at 400 psig 700 F total temperature. 


New 15,000-Kw Mercury-Unir Powrr-PLant Equipment 


The mercury-unit power-plant equipment now in operation is 
entirely new except for the condenser-boiler steam drums and 
vacuum shells, the mercury-turbine generator, and a portion of 
the mercury-turbine exhaust shell. In order to assure reliable 
operation of the condenser boilers, new steam-generating tubes 
with water circulators were installed. Because of the ample size 
of the 10,000-kw generator stator frame and rotor, these parts 
were rewound to give maximum output of 15,000 kw at unity 
power factor. 

Most of the existing building steel, as well as certain of the old 
boiler supporting members, were usable with the new equipment. 
However, as might be expected, the major portion of the equip- 
ment structural supports had to be replaced to meet the new de- 
sign conditions. 

Fig. 3 shows a schematic arrangement of the main equipment 
as it is now installed in the South Meadow Station. 
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Power Puant at Soura Mrapow StTatrion 


The oil-fired mercury boiler is of the latest design, having com- 
pletely mercury-cooled furnace, slag screen, and mercury fog- 
convection surfaces. The steam superheater, water economizer, 
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and regenerative-type air preheater are of conventional design, 
as are the forced and induced-draft fans. 

Mercury vapor is generated within the tubes of the mercury 
boiler at a pressure of 180 psig and at a saturated temperature of 
964 F. The mercury vapor thus produced flows upward through 
four 12-in. vapor pipes to the five-stage single-flow mercury tur- 
bine located in the turbine room above the mercury boiler. 
Suitable mercury stop and throttle valves are attached directly to 
the mercury-turbine high-pressure shell for controlling the mer- 
cury-vapor flow to the turbine. Likewise, two 14-in. mercury- 
boiler relief valves are mounted out from the inlet end of the tur- 
bine stop valve to protect the mercury boiler from overpressure, 
When operating, these two relief valves discharge into the con- 
denser-boiler vacuum shell where the energy from the overpres- 
sure mercury vapor is absorbed to produce steam which may then 
be used by the steam-turbine units, or exhausted to atmosphere 
through the condenser-boiler steam safety valves, depending upon 
the station load conditions. 

The mercury turbine exhausts into two vertical-type side- 
mounted mercury-condenser boilers at an exhaust pressure of 
1.5 psia 480 F. In condensing, the exhaust mercury vapor re- 
leases its heat of vaporization to water within the tubes of the 
condenser boilers to produce steam at 410 psig. The condensed 
mercury liquid then flows by gravity through a cleaning sump and 
suitable piping system to the mercury boiler where it is again 
evaporated at 130 psig. 

The steam generated in the condenser-boiler tubes is super- 
heated by the boiler flue gases to 700 F total temperature in the 
steam superheater mounted directly above the mercury boiler. 
The steam thus superheated is piped to the 385-psig station steam 
header for use in the 385-psig steam turbines. 

When desired, steam may be generated for use with the 250- 
psig steam turbines. No equipment alterations are necessary as 
the change-over may be made from one station steam pressure to 
the other merely by valving the steam superheater-outlet pipe to 
the desired steam header. 

The condenser-boiler feedwater is taken from the station feed- 
water header at 340 F, pumped through the cooling coils of the pri- 
mary air-remoyal cooler and into the water economizer, where it is 
heated by the boiler flue gases to 410 F. The heated feedwater 
then flows into the condenser-boiler steam drums where it is 
boiled into steam by the condensing mercury vapor. 

In order to assure satisfactory over-all power-plant combustion 
efficiency, a large regenerative-type air preheater heats the air 
used for combustion from 80 F to 523 F. The resulting exit-gas 
temperature with 15 per cent excess air leaving the furnace is ex- 
pected to be 300 F, when corrected for air leakage through the air 
preheater. 


Mercury BorLer 


A mercury-furnace tube operated with properly treated mer- 
cury is capable of pumping large quantities of liquid mercury and 
vapor through long flow circuits located considerably above the 
liquid level in the boiler drum. This action is produced by the 
relatively high pumping head of the down-flowing liquid column 
supplying the lower feed headers of the furnace tubes, as well as 
from the proportionately high available energy in the expanding 
mercury vapor as it flows upward through the boiler tube. The 
release of energy is brought about by the large change in pressure 
throughout the tube from where boiling first occurs in the lower 
portion of the furnace to where the tube enters the boiler drum at 
operating pressure. In a very high boiler this pressure head may 
be 100 psi or more. 

As heat is applied to the boiler tube, generating more and more 
vapor, the theoretical density of the flowing mixture may change 
from solid liquid, weighing approximately 778 lb per cu ft, to a lean 
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mixture having a weight of approximately 2.5 lb per cu ft, before 
decrease in heat-absorbing ability of the tube occurs. In actual 
mercury-boiler designs, such as the 15,000-kw Hartford boiler, the 
mixture discharging into the boiler drum from the fog-convection 
tubes is designed to be in the order of 13 lb per cu ft for the heavi- 
est loaded circuit. Such a mixture contains approximately 1 lb 
of vapor for each 7 lb of liquid mercury circulated, or may be said 
to have a circulation ratio of 7:1. 

The economic advantage of such circuit design is immediately 
apparent as great savings in total boiler mercury are possible, 
since it is only necessary to fill the furnace tubes with mercury to 
a minimum depth with no liquid mercury in the fog-convection 
portions of the circuits at starting. The liquid portions of the 
tubes can be of small internal diameter while the fog section tubes 
may be much larger. 

A mercury boiler usually requires some 70 to 80 per cent of the 
total heat-absorbing surface in the convection regions, and if it 
were necessary to use all liquid-filled tubes, the quantities of mer- 
cury required might be prohibitive. This theory of mercury- 
boiler design was first used successfully in 1940 in the 20,000-kw 
mercury boiler at Kearny where many of the fog circuits are some 
250 ft long from end to end with approximately 40 ft of the furnace 
portion of the tubes liquid-filled at starting.*4 

These simplifications and economies are possible because the 
titanium-magnesium-treated ‘mercury in the boiler circuits pro- 
duces intimate and perfect contact between the metal of the tubes 
and the flowing mercury. The treated mercury has lost its 
spheroidal properties and spreads in a tenacious film over the in- 
side walls of the tubes, forming a ‘‘wetted’’ surface from which 
evaporation of the mercury occurs. 

The tenacity of the wetted film is such that it is not destroyed 
when superheated upward to 200 F above the temperature of the 
saturated-vapor-liquid mixture flowing in the circuit, as long as 
treated mercury is supplied to the heated film as rapidly as evapo- 
ration occurs. By maintaining suitable velocities of the flowing 
mixture in the tubes, the required ‘‘make-up” supply of mercury 
droplets is available over the extremely wide range from solid 
mercury liquid to the approximately low density of a 1.2 parts 
by weight of liquid mercury to 1 part vapor. 

The extensive use of mercury-fog-convection surface through- 
out the entire boiler reduces the maximum pressure at any point 
in the tube circuit, which subsequently reduces the boiling tem- 
perature of the mercury and the metal temperature of the tube 
steel. This allows added protection against oxidation of the 
tube metal on the fire side of the tubes, as well as increases 
the allowable working stress of the material. 

Our standard-design, mercury-unit-power-plant mercury boil- 
ers, of which the 15,000-kw Hartford unit and the three 7500- 
kw units for Pittsfield and for the Schiller Station are typical 
examples, all utilize the well-proved principle of fog-circuit de- 
sign. 

Tue Hartrorp Mercury BorLer 


Fig. 4 is a cross section of the Hartford boiler. The flow of 
mercury in the various boiler circuits is simple and direct. The 
operating liquid level is maintained at or near the inside bottom 
of the boiler drum. With the boiler in operation, the fluid mer- 
cury flows from the drum downward through suitable downcomer 
supply pipes to the various lower headers, and then upward to 
the drum, as required, to provide coolant for the furnace tubes and 
fog-convection circuits. 

Owing to the simplicity of the mercury-boiler design, only four 
basic types of tube-flow circuits were required. 

The tubes covering the two furnace side walls are simple 


4“The Mercury-Vapor Process,”’ by A. R. Smith and E. S. Thomp- 
son, October, 1942. 
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Fic. 4. Cross Section or 15,000-Kw Mercury BorLer 


(Portion of furnace tubes, downflow slag screen, fog-convection tubes, drum 
and downcomer supply system, as well as steam superheater and water 
economizer are shown.) 


straight-through elements receiving mercury from bottom headers 
and discharging into vapor headers at the top. Hach of the six 
vapor headers connects to the mercury-boiler drum through a 
vapor discharge pipe. The side-wall furnace tubes are 17/2 in. 
OD X 7/s in. ID for the lower 16 ft and are 1 in. 1D for the re- 
maining 30 ft of their length. 

The burner-wall or front-wall tubes supply mercury to the roof 
section of the furnace vestibule, the vertical downflow slag-screen 
tubes, the first and second passes of the horizontal fog-convec- 
tion tubes, and finally discharge into the drum. These tube 
circuits are stepped in size from 7/s in. ID, where they leave 
the lower headers, to 2!/s in. OD X 13/, in. ID, where they 
form the first-pass fog bank. 

The rear-wall furnace tubes also form the sloping roof section 
under the fog-bank assemblies. A number of the roof tubes are 
directed upward and function as the two mercury-cooled supports 
for the fog circuits. These tubes then continue on to form the 
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15,000-Kw Mbrrcury FurNAcE 
Brine Horstep Intro Posrrion 


Sipe-Watt ASSEMBLY 


(Showing sections already in place, a third section being hoisted into position 
to complete east furnace wall.) 


third-pass fog circuits. The remainder of the roof tubes protect 
the nose of the furnace arch and then turn back and become a por- 
tion of the first and second-pass fog banks. The tube sizes vary 
from 1!/.in. OD X 7/s in. ID at the bottom to 21/,in. & 13/4 in. 
where they form the fog circuits. 

In an effort to reduce over-all costs as well as to reduce the 
time required to complete field assembly of the boiler units, 
factory fabrication of the furnace tubes with their liquid and 
vapor headers was tried for the first time. Fig. 5 shows one of 
the furnace-side-wall subassemblies of which there is a total of 
six, three for each side wall. These are approximately 7 ft wide 
xX 46 ft long. Some 47 tubes are completely assembled with 
their upper and lower headers, tiebacks, and supports ready for 
placing in position in the boiler-supporting steel. Similar but 
small subassemblies of the front and rear-wall tubes likewise 
were made at the factory and shipped ready for field erection. 
The fog tubes, slag-screen tubes, and the upper portions of the 
front and rear-wall tubes were handled as individual pieces in 
the field. However, the apparent savings in erection time and 
over-all cost seemed to be sufficient to warrant further develop- 
ment of factory prefabrication of mercury-boiler parts. There- 
fore similar but more complete subassemblies were manufactured 
for the three 7500-kw units now in the process of being erected. 

Fig. 6 shows the upper portion of the completed Hartford 
furnace. 

Fig. 7 shows the six horizontally mounted fuel-oil burners. 
These six burners are mounted under the front-wall tube headers 
near the bottom of the refractory furnace bottom. 


Mercury-BorLtER DrEsIGN AND MANUFACTURE 


The three 7500-kw boilers for Pittsfield and the Schiller Station 
are of identical design and are being manufactured by the Bab- 
cock & Wilcox Company from identical blueprints. The Hart- 


Fic. 6 Vrrw Taken From Instpr Comptetrep FURNACE OF THE 
15,000-Kw Mercury Borter, Soura Mrapow 


(View shows upper portion of furnace walls, sloping arch and furnace roof. 
Downflow screen tubes are also shown above sloping roof sections.) 


ford boiler, manufactured and installed by the Foster-Wheeler 
Corporation, differs somewhat from the 7500-kw boilers in that it 
was designed with a flat refractory-covered furnace floor for burn- 
ing fuel oil only. The 7500-kw units have dry-ash mercury- 
cooled hopper-bottom furnaces for burning pulverized coal or 
fuel oil as desired. 
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Mercury-TurBINE GENERATOR 


Fig. 8 shows the 10,000-kw Hartford turbine after 16 years’ 
operation. This simple single-flow 720-rpm, five-stage turbine 
has run more than 116,000 hr since its last internal inspection. 
When finally dismantled in 1947 for replacement, the machine 
internals were found to be in unbelievably good condition for a 
unit that had operated without internal maintenance for such a 
period of time. 

However, because of the design conditions at 15,000-kw output, 
requiring the use of higher pressure and temperature, it was neces- 
sary to replace the old mercury turbine completely, using the 
latest in materials and machine design. The new machine fol- 
lowed the general pattern of the original unit but included all of 
the modern improvements, such as mercury-sealed shaft seals, 
and vanadium-molybdenum alloy castings for the high-pressure 
turbine head, turbine control, and stop valves, and for the mer- 
cury-boiler relief valves. A complete new turbine-rotor assembly, 
having separately mounted split diaphragms, was provided. 
A new main bearing, incorporating a double-thrust-type thrust 
bearing, was also necessary. Because the unit was to be operated 
as a base-load machine, no speed governor was installed. Two 
emergency trips were provided, one on the hand-operated control 
valve, and one on the turbine stop valve. 

Fig. 9 is a view of the mercury turbine with the four split dia- 
phragms in place and the high-pressure head removed. The 
two wing-back-mounted condenser boilers have been placed in 
position ready for making the two large turbine-exhaust-shell 
welds. 

Fig. 10 is a view of the exhaust opening of the east condenser 
boiler, showing the porcupine-type tube bundle. 

Fig. 11 shows the completed assembly of the mercury turbine, 
condenser boilers, control and stop valves, and the mercury- 
boiler relief valves. 


Hartrorp Miecrric Lignr CompANy OPERATING EXPERIENCE 


Previous Designs. The Hartford Electric Light Company 
operating experience with the mercury cycle for power generation 
covers the period beginning in 1923 up to the present date. 


Kia. 7 


(Lower end of front-wall furnace tubes, refractory burner wall, and refractory furnace bottom are shown.) 
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Fie. 8 10,000-Kw Mercury Tursine Brine DISMANTLED IN 
1947 ArreR 16 YEARS OF OPERATION IN SouTH Mrapvow Station 


15,000-Kw Mercury TURBINE Brtnc ASSEMBLED IN 1948, 
Soutn Mrapow StTaTion 


(View shows portion of original 10,000-kw turbine-exhaust shell, original but 
newly retubed condenser boilers, and partial assembly of new wheels and new 


Fie. 9 


built-up diaphragms. Split interstage diaphragms were used in new ma- 
chine rather than the old shell-supported solid-disk type shown in Fig. 8) 


During the first 4 years it was a joint venture with the General 
Electric Company for the purpose of developing a design that 
would meet all the requirements of a central station from the 


Fie. 10 Merrcury-ConpDENSER BoILER SHOWING PorRTION OF PorR- 
CUPINE-Typr TUBE BUNDLE AND OPENING FOR ATTACHING TO MeER- 
curY TURBINE-EXHAUST SHELL 


(Downflow water circulators were installed in each steam-generating tube to 
improve circulation.) 


point of flexibility, dependability, and economy. This first top- 
ping unit was installed in the Hartford Hlectric Light Company’s 
Dutch Point plant and consisted of a 1500-kw generator, driven 
by a mercury-vapor turbine exhausting to a condenser-boiler 
operated at 200 psig and 540 F total temperature, the condi- 
tions of the main steam header in the plant. Five entirely dif- 
ferent designs of boilers were covered in this experience cycle. 

In 1927 a 10,000-kw mercury-vapor unit was contracted for as 
a plant extension at the South Meadow Plant to top an existing 
250-psig, 700 F total temperature steam unit installed in 1921. 
This design was proved by the Dutch Point experience but in the 
larger size developed several faults. Consequently it was 1932 
before all defects had been eliminated and the plant could be con- 
sidered as dependable central-station equipment. 

From 1932, until its removal in 1947, the 10,000-kw South 
Meadow unit operation was quite satisfactory even though it was 
necessary to reduce top operating load progressively as metal 
fatigue progressed. By thus reducing load, and consequently 
stresses, we were enabled to produce the results given in the first 
section of this paper at an over-all plant availability in excess of 
85 per cent. This availability includes outage time for steam- 
cycle equipment as well as that for the mercury cycle. 

Operation of 10,000-Kw Unit. Operation of this 10,000-kw unit 
was extremely simple: Liquid mercury was returned by gravity 
to the boiler; there was no treatment of the liquid-mercury 
charge; no treating of the boiler feedwater was required; there 
was no complicated feed-heating cycle, and the pressures were low. 

Mercury replacement, due to all losses, was low, averaging less 
than 2000 Ib per year from all causes both avoidable and un- 
avoidable. 


Maintenance was variable. General maintenance was usual for 
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ASSEMBLY OF 15,000-Kw Mercury Tursine, SoutrH Mrapow STATION 


(High-pressure shell control and stop-valve assembly with 26-in. mercury-vapor inlet pipe entering bottom of stop-valve casing. 
mercury-boiler relief valves with their 18-in. vapor-relief pipe is shown attached beyond vapor-inlet pipe. 


One of two 14-in, 
Boiler relief valves discharge their vapor, 


when operating, into west condenser boiler.) 


TABLE1 15,000-KW SOUTH MEADOW MERCURY UNIT? 
GAL UR NEG LD Maree ea ahren ee are ona cha ip 12,281,169 
Steam generated at 260 psig and 700 FTT, lb........ 126,118,000 
Gross output from vapor-driven generator, kwhr....... 10,048,000 
Gross generated from steam, kwhr..................-. 11,387,000 
Totaly apxtlar yas a Ce wl Will ccrere iets evaveuoteveus te teustors words ssenans 565,000 
Wetitotaliunit output; kwhriesit. dec emabcine te aes clei 20,870,000 
Huelirates Ubioil /metulow br eo sciea cotacteiecstecticaeis =m ctdintsnerels 0.588 
Heatrate, bruset kwbroscosan ce cerciemeine oss caress 10,200 


@ Twenty-eight consecutive days’ operation at full load. 


all associated equipment and there was no maintenance on the mer- 
cury turbine from 1931 until it was dismantled in 1947. The 
mercury boiler required a major internal cleaning approximately 
once a year using acid, and external cleaning at the same inter- 
vals as a steam boiler. - As a general statement, it should be said 
that average maintenance costs for this unit were slightly in ex- 
cess of those for a comparable steam unit. 


New 15,000-Kw Mercury Puant at South Mnapow 


While construction work had not been completed it had pro- 
gressed to such a point that it was possible to light the first fire 
under the boiler on January 2, 1949. Preliminary operation con- 
sisting of boiling out, trying out all associated apparatus, and 
making indicated changes and adjustments had been completed 
by January 8, and the mercury-vapor-driven generator was 
phased in on the line. By February 1 construction work had 
been completed, the changes indicated by the first two runs had 
been made, and the unit phased for service the third time. The 
plant had been accepted for service with this third start and the re- 
sults of this operating period are shown in Table 1. 

All quantities shown in Table 1 are actual net figures, as all 
charges have been made to the mercury plant occurring from asso- 
ciated auxiliary equipment whether it is a part of the mercury 
plant directly or a part of the steam-turbine unit using the steam 
from the condenser boilers. 

Shutdown of the unit at the end of 28 days of operation at full 
load was caused by a partial stoppage in the regenerative air 


heater. Thorough inspection, during this shutdown, indicated 
that all parts of the mercury cycle were in as good condition as at 
time of the start-up. 


CoNCLUSION 


From the Hartford Electric Light Company’s experience to 
date, no serious difficulty is anticipated with any part of the equip- : 
ment covered by the new design. The plant forces are adequate 
to handle all phases of the new problems introduced by the neces- 
sary chemical treatment, the special metals used in fabrication, 
and the novel instrumentation. 

The operating economies have been proved, and the design 
demonstrated as generally adequate. 
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Discussion 


Wiuii1aAM Kowatsxky.® Another step toward widespread com- 
mercial acceptance of the mercury-vapor steam cycle for power 
generation has been taken with the successful completion of the 
mercury power unit at the South Meadow Station of the Hartford 
Electric Light Company. The heat-rate data given in Table 1 
of this paper will be a criterion against which other utilities may 
check their own plant performances. 

For the writer’s company, the work of planning, fabricating, 
and erecting the mercury boiler was an unusual and valuable ex- 
perience. Each stage of development of the mercury boiler was 
preceded by exhaustive tests and investigations. No material 
or procedure was adopted until tried and proved. (It should be 
emphasized that this approach was used by General Electric 
Company from the very beginning of its experiments with the 
mercury-vapor process back in 1912. This step-by-step develop- 
ment can be pointed out as a classic example of the solution of an 
engineering problem in which there was no previous experience 
and where every item involved unknown elements.) 

From a metallurgical standpoint, there were commercial alloys 
available for the furnace tubing which could withstand the 1100 F 
metal temperature and the 1000 F mercury temperature, but 
fabricating methods, welding, heat-treating, and stress-relieving 
procedures had to be developed. The difference between shop- 
and field-welding procedures had to be investigated. With the 
operating-temperature range mentioned, creep strength limited 
the design stresses, and considerable stress-analysis work was done 
to insure that the low permissible stresses were not exceeded. 
The boiler was designed to meet the requirements of the ASME 
Boiler Code in so far as possible. 

Due to high metal temperature, it was necessary to select ma- 
terials with high resistance to oxidation. High-silicon steels were 
selected. It is estimated that these superior materials give the 
mercury boiler the same economic life as a modern steam genera- 
tor. The tube material for all of the furnace, slag screen, first- 
pass convection tubes, and eighteen rows of second-pass convec- 
tion tubes, corresponded to SA-213-T13. The upper bank of 
second-pass convection tubes had a composition very similar to 
SA-213-T21. The mercury drum, downcomer system, upper and 
lower headers, conformed to SA-213-T12. Thus expensive alloys 
were used only where needed, as dictated by boiler conditions. 
Tube supports, fixed ties, and tie-back supports, when exposed to 
furnace or boiler temperatures, were normally of 25-20 alloy com- 
position. The SA-213-T13 tubing (4 to 6 chrome, 1/2 moly, 1 to 
2 silicon) was welded by the atomic-hydrogen method, using a 
bare rod of the same composition as the tubing. The SA-213-T21 
(2.75 to 3.25 chrome, 1 moly alloy) tubing was welded by electric 
are with a 2 chrome 1 moly coated rod. The SA-213-T12 tubing 
(chrome-stabilized carbon-moly) was welded by electric are with 
a 1/, chrome !/2 moly coated rod. Backing rings for all welded 
joints were of the integral type, machined right on the tube to 
form the male end, with a standard bevel machined in the match- 
ing tube for the female end. All welds in which SA-213-T13 ma- 
terial was involved, were ground and magnafluxed. Only ran- 
dom welds of the other compositions were ground and magna- 
fluxed. A proof of the welding quality of the total volume under 
pressure or vacuum can be seen in the extremely low air leakage 
into the system. 

The superheater is of the continuous-tube type of carbon-steel 
material. Because the superheater occupies the tail position in 
the boiler, and because of the variable mercury-pressure opera- 
tion, the superheat characteristic drops very sharply as the load 
decreases. To get the maximum performance of the steam end at 
fractional loads, a group of parallel dampers have been installed 


6 Project Engineer, Foster-Wheeler Corporation, New York, N. Y. 


to by-pass the upper second-pass convection surface, and thereby 
increase the heat available for steam superheating. 

In order to save time and expense in the field, and in order to 
accomplish as much of the welding as possible under shop con- 
ditions, the mercury-cooled walls were assembled in fourteen sec- 
tions in the shop. The elements were fabricated, welded into the 
headers, and then stress-relieved as complete units. This was the 
first time a boiler had been shipped in such large flexible prefabri- 
cated assemblies. Necessarily, this procedure involved solving 
numerous problems, such as handling methods, assembly jigs, 
railroad clearances, erection clearances in the building, and so on. 

The mercury boiler is supported across the front and rear at 
the level of the bottom of the mercury drum and is allowed to ex- 
pand up and down from that point. The side walls are supported 
at the top of the furnace. Vertical expansions are of the order of 
3 in. and require provision for flexibility in connecting down- 
comer piping to the riser side, a problem which was complicated 
by the much colder mercury on the downcomer side. Tie-backs 
are spaced at approximately 10-ft intervals and arranged for each 
tube to move laterally and vertically, independently of its neigh- 
boring tube. 

During the initial start-up of the mercury boiler, when all con- 
cerned were crossing fingers, praying to the “gods of kilowatts,” 
and trying hard to look unconcerned (even though we knew that 
every care and precaution possible had been taken), it was a 
source of wonderment to the writer to find how correctly the 
General Electric Company designers had predicted the behavior 
of this mercury boiler. When circulation of mercury was still 
erratic and efforts to induce some kick-over of hot mercury into 
the drum and downcomer system to try to equalize temperatures 
and expansions were being made, the prediction was offered that, 
starting at 4000 kw output, there would be some audible thump- 
ing of slugs of mercury in the vapor tubing, and that this would 
quiet down at 6500 kw. It worked exactly as predicted. We 
knew that untreated mercury did not ‘‘wet’’ the inside tube sur- 
faces and that this caused erratic heat-transfer rates. We also 
knew that mercury with small amounts of magnesium and ti- 
tanium did wet the inside tube surfaces and allow a uniform 
heat flow into the mercury. Nevertheless, we had to rub our 
eyes when we actually saw this happen. When circulation was 
established, our thermocouple readings indicated wide variations 
in first-pass convection-tube temperatures. Within a few min- 
utes after the treating chemicals had been injected into the mer- 
cury feed lines, the temperature of these tubes dropped approxi- 
mately 100 deg F, and all reached a more-or-less uniform level. 
It was obvious that the heat-transfer rates had suddenly become 
dependable. 

The early mercury-boiler designs were complicated, but now it 
is just like any steam generator in appearance, both from the out- 
side and from the inside of the furnace. The low position of the 
mercury drum with relation to the top of the furnace tubes strikes 
one as unorthodox at first glance; moreover, there is no level of 
mercury in the drum, a condition in which steam boilers are shut 
down promptly. The unit is specially developed and designed 
to run on minimum mercury content, which is possible because of 
the ability of mercury vapor to entrain substantial amounts of 
mercury mist or fog of tremendous cooling effect. It is neces- 
sary of course to supply a liquid mercury fog to the upper tubes 
to keep the film of mercury, which coats the inside tube surfaces, 
supplied with chemically treated mercury to replace that which 
has been evaporated. Provided reasonable mixture velocities 
are maintained, there is no limitation in size or shape of the tube 
circuits. The length of the tube circuit could be considerable, 
depending on the available mercury-circulating head and heat 
input. As long as treated liquid mercury mist is carried by the 
vapor, there can be no overheating of the tubes, 
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The Hartford mercury boiler was not built as another experi- 
mental attempt to improve the Emmet mercury-vapor process. 
It is just another boiler built on a purely commercial basis of 
sound economics, because the practicability of the system has 
been proved before. 


H. Weisperc.6 At the Kearny Station, Public Service of N. J., 
there is installed a 20,000-kw superposed mercury-turbine gener- 
ator which has been in operation since 1933. The combined 
mercury-steam capacity is 45,000 kw. For the first 6 years this 
unit was in service 51 per cent of the time, and generated over 
750,000,000 kwhr; the average output being 32,000 kw. 

In 1940 the boiler was replaced with a more modern design, 
somewhat similar to the new Hartford boiler. In the 9 years 
since then, the unit has been in service 72 per cent of the time. 
It has generated over 2,100,000,000 kwhr, and has had an aver- 
age output of 38,000 kw. The total generation for both installa- 
tions has been about 3,000,000,000 kwhr. 

At the present time the unit is in regular operation on the sys- 
tem at loads up to full rated capacity. Early next year rather 
extensive repairs are planned to the furnace tubes owing to wast- 
age on the gas side. Also, the vapor piping and control valves, 
which are plain-carbon steel and operate at 970 F, will be re- 
placed with alloy-steel parts. It is expected that as a result of 
this work, along with other improvements which have been made 
in recent years, the availability of the unit will approach that of 
steam units, which is better than 90 per cent. 

The heat rate of the unit, combined with 1925 design, 355-psi, 
725-F steam capacity, compares favorably with the most efficient 
steam units which we are installing today, and as a result, with 
the inflation that has taken place since 1933, the value of the 
unit on the system is about double the original cost. 

We are often asked whether we would install another mercury 
unit, or why we are not installing mercury units now rather than 
steam. The answer is that the availability up to the present 
time has not been as good as that of steam. It is our belief that 
the troubles we have had are not inherent in the mercury cycle 
and have been overcome by operating experience and develop- 
ment. With the present state of development, however, it seems 
inadvisable to build mercury boilers in capacities of 125,000 to 
150,000 kw, which size steam units can be utilized safely on a sys- 
tem as large as that of the Public Service. This results in con- 
siderable disadvantage in the first cost of mercury units when 
compared with steam. 

The mercury cycle when combined with modern steam capac- 
ity is more efficient than any steam cycle currently practicable, 
and therefore it is attractive where fuel costs are high and a 
unit not over 45,000 kw combined capacity is needed. Larger 
units would require two boilers and would be less economical. 
For superposition in sizes not over 20,000 to 30,000 kw, the mer- 
cury cycle is even more advantageous. Here again, if any of the 
Public Service units were to be superposed now, considerably 
larger units could be considered, and the mercury cycle would be 
at a disadvantage compared to steam. For these reasons we 
have not been able to justify additional mercury capacity on re- 
cent installations. 

Summing up, 16 years of experience with the mercury cycle 
indicated definite and continuing progress. Additional installa- 
tions appear to be justified at this time in limited sizes and for 
special applications. 


O. L. Woop.’ There are many interesting details of the new 


6 Mechanical Engineer, Electric Engineering Department, Public 
Service Electric and Gas Company, Newark, N. J. Mem. ASME. 

’ Construction Engineering Division, General Electric Co., Schen- 
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mercury installation at Hartford which might be used to supple- 
ment the comprehensive paper presented by the authors. The 
writer, however, will discuss only some of the phases of installing 
the new equipment, which is of 50 per cent greater capacity and 
operating pressure, within the space occupied by the original 
unit. 

The original operating boiler pressure of 85 psig 908 F satura- 
tion was increased on the new unit to 130 psig 964 F. This was 
done, as explained in the paper to obtain (1) greater cycle effi- 
ciency by having the total heat available at a higher initial tem- 
perature, and (2) more available energy per pound of vapor. 

The increase in capacity, requested by The Hartford Electric 
Light Company, was based upon its studies of a replacement and 
the real economies obtained on the original unit. 

A new mercury-boiler design had been developed based upon 
considerable investigation of comparable steam-boiler experi- 
ence. Iti required fewer types of circuits and bends, reducing cir- 
culation studies and manufacturing costs. This design fitted 
nicely between the main building columns at South Meadow. 
A 29-ft width and 201/.-ft depth of furnace were obtained to give 
the low heat-liberation rate of 18,150 Btu per eu ft at full load. 
Since the vertical cross section of the new boiler had been estab- 
lished, this fixed the location of the boiler drum 47 ft directly be- 
low the original turbine and condenser boiler-room floor. 

It was decided to use four 12-in. schedule 80 vapor pipes of 
SA-280 material for the full-load flow of 1,640,000 lb per hr. This 
decision was based upon holding 15-psi pressure drop from the 
boiler drum through the double-disk stop and control valves to 
the turbine bow]. These pipes also had to be of sufficient length 
to take care of a vertical temperature expansion of 4 in. with 
stresses within code limits. 

The turbine, generator, and condensers were rebuilt, rewound, 
and retubed, respectively, and placed in their original positions 
on the turbine-room floor. 

The gravity mercury-return system, which carries the con- 
densed mercury back to the boiler, was designed to have as a part 
of it a new type sealed sump. This sump, located 9 ft below the 
turbine-room floor, removes large foreign matter by flotation in a 
low-velocity section. In addition, by producing a better vacuum 
in the sump than that in the condenser boiler, a portion of the 
cascading mercury in the sump is flashed into vapor. This vapor 
passes through a short connection from the top of the sump to a 
cooler where it is condensed and run into the system through a 
trap. By means of this vapor carrier, the light magnesium-oxide 
dust, which is the only oxide residue in a chemically treated mer- 
cury system, is taken out of the returning mercury continuously 
and deposited in the cooler. The residue formation in Hartford 
is extremely small because of the all-welded mercury system, bel- 
lows-sealed valves, and leakproof turbine-shaft seal. The total 
air leakage of less than 1 cu ft per hr into the 3000-cu-ft operating 
vacuum space causes a metallic-magnesium loss in the treated 
boiler mercury of less than !/2 Ib per day. 

Spiral ramps were designed to avoid shock from falling mercury 
in the gravity-return system. The largest of these ramps was 
calculated to carry the mercury down 24 ft vertically. The two 
elements required were to keep the mercury content in the flow 
circuit to a minimum and to hold the pressure drop within the 
limited head available. This head had been reduced by the in- 
creased boiler pressure of the new unit, which at 130 psi backs the 
liquid mercury 27 ft up the return line. Only a few feet are left 
above this to the sump outlet for additional pressure require- 
ments for blowing the mercury safety valves and pressure drop 
through the return system at full load. 

Other items, which were designed to a minimum size, but yet 
sufficiently large to meet the heat-balance requirements were 
(1) the water economizer, and (2) the air preheater. For the 
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economizer, the inlet water was increased 130 deg F over that 
used in the original unit by additional bleed-heating. A regen- 
erative-type air heater was used instead of the tubular type used 
in the original installation. 


AUTHOR’S CLOSURE 


The modern-design fog-type mercury boilers such as the 15,000 
kw Hartford Unit are in reality simple boilers offering no serious 
problems of design and manufacture although somewhat different 
procedures were necessary as compared to the present-day high- 
temperature steam generators. Operating problems appear to 
be quite similar particularly with regard to expansion and other 
temperature problems. 

The problem of burning low-grade fuels may be somewhat 
more critical with the mercury units because of the higher metal 
temperatures encountered in the entire mercury boiler rather 
than in the high-temperature superheaters and their supports 
only. 

As Mr. Weisberg mentioned in his discussion, furnace-tube 
wastage under certain conditions of coal or fuel-oil operation has 
been experienced in a greater or lesser degree at both Kearny and 


Martford as has also been the case in certain of the newer high- 
pressure, high-temperature steam boilers and superheaters. 

Corrective measures for this annoying problem are being 
vigorously pursued with extremely encouraging results already 
reported from Kearny and elsewhere. Surface coatings of fused 
25-20 weld metal as well as likely silicon coatings and paints are 
now under test in various mercury and steam plants while various 
tests are in progress using additives in the fuel as corrosion 
preventives, 

Standard design mercury-unit power plants of extremely 
high over-all efficiency up to 80,000 kw combined mercury-steam 
capacity are now available for general power applications. 

At the present time, only the plants larger than 50,000 kw 
total mercury-steam capacity require two mercury boilers per 
mercury turbine although a twin-boiler combination of mercury 
boilers and turbine may be had if desired in all but the smallest 
plan sizes. 

For example, the new 40,000 kw Schiller Station of the Public 
Service Company of New Hampshire utilizes two standard-design 
7500-kw mercury-unit power plants to supply steam to one 
25,000-kw steam turbine. 
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